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compounds. Moreover, deviations in applied settings and data analysis strategies make a 

direct comparison of the two studies impossible (A1, A2). In order to allow for a direct 

comparison of compounds contained in and leaching from a plastic product, the non-volatile 

chemicals in 24 corresponding extracts and migrate samples were analyzed by LC-QTOF-

MS/MS (A3). Here, between 613 and 10,766 chemical features were associated with a single 

plastic product. In addition, the results indicate that plastic chemicals are readily released. 

Accordingly, up to 84% (PUR product) and on average 29% of the non-volatile compounds 

detected in a product readily leached into water. This corresponds to high numbers of up to 

8936 in the case of one PUR product. A further 5% of all chemical features were only present 

in the migrates (A3). This suggests a preferential migration of these chemicals into water over 

methanol or the formation of new compounds during the migration process. 

The handful of studies that have used non-target approaches to analyze plastic chemicals, 

have rarely reported the number of detected features. As an exception, Qian et al. (2018) 

performed a comprehensive GC-based analysis of 120 plastic FCMs made of seven polymer 

types and reported dozens or hundreds of different components per sample. In a non-target 

LC-QTOF-MS/MS screen on 104 honey samples stored in plastic or glass jars 104,051 

molecular features were detected in total (Eyken et al., 2020). Ubeda et al. (2019b) did not 

report the total number of chemical features but made a similar comparison as in the present 

work by comparing total extract (using dichloromethane as solvent) and migrates (using 

different food simulants) of PLA-PE-blends. The authors identified 15 compounds in extracts 

and only two in migrates. These results support the observation of the present thesis that a 

single plastic product can contain and release a multitude of chemicals. 

2.2.6 Product specificity of chemical composition 

Since it was observed that the in vitro toxicity is strongly product-dependent (2.2.3), it was 

speculated that this product specificity also applies to the chemical composition. Indeed, the 

number of chemical features detected in one product strongly differed between the samples. 

Some trends seem to exist in such that PVC, cellulose- and starch-based materials contain a 

higher and PET products a lower variety of features than other plastic types (A1–A3). The 

latter observation has also been reported for other PET products (Qian et al., 2018). However, 

the picture is characterized by exceptions that prevent making a generalized statement for all 

products of the same material type. Additionally, most compounds are unique to one product. 

For instance, half of the chemical features detected in one PLA product were absent in the 
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ABSTRACT: Plastics are known sources of chemical exposure and few,
prominent plastic-associated chemicals, such as bisphenol A and phthalates,
have been thoroughly studied. However, a comprehensive characterization of
the complex chemical mixtures present in plastics is missing. In this study, we
benchmark plastic consumer products, covering eight major polymer types,
according to their toxicological and chemical signatures using in vitro
bioassays and nontarget high-resolution mass spectrometry. Most (74%) of the
34 plastic extracts contained chemicals triggering at least one end point,
including baseline toxicity (62%), oxidative stress (41%), cytotoxicity (32%),
estrogenicity (12%), and antiandrogenicity (27%). In total, we detected 1411
features, tentatively identified 260, including monomers, additives, and nonintentionally added substances, and prioritized 27
chemicals. Extracts of polyvinyl chloride (PVC) and polyurethane (PUR) induced the highest toxicity, whereas polyethylene
terephthalate (PET) and high-density polyethylene (HDPE) caused no or low toxicity. High baseline toxicity was detected in all
“bioplastics” made of polylactic acid (PLA). The toxicities of low-density polyethylene (LDPE), polystyrene (PS), and
polypropylene (PP) varied. Our study demonstrates that consumer plastics contain compounds that are toxic in vitro but
remain largely unidentified. Since the risk of unknown compounds cannot be assessed, this poses a challenge to manufacturers,
public health authorities, and researchers alike. However, we also demonstrate that products not inducing toxicity are already on
the market.

1. INTRODUCTION

To date, humankind has produced 8300 million metric tons of
plastics with an exponentially growing production.1 From a
material perspective, plastics are cheap and versatile materials
and, thus, an integral part of our everyday lives. From a
chemical perspective, plastic products are complex mixtures of
one or more polymers, fillers, and multiple additives, such as
plasticizers, flame retardants, stabilizers, antioxidants, and
pigments to improve the material’s functionality.2 In addition
to these additives, other chemicals are present in plastics,
including unreacted monomers, starting substances, and
nonintentionally added substances (NIAS, impurities and
side or breakdown products).3

As most of these chemicals are not covalently bound to the
polymer, they can be released at all stages of the plastics’ life-
cycle via migration to liquids or solids or via volatilization. This
can result in a transfer of chemicals in the packed goods (e.g.,
foodstuff), as well as human (e.g., indoor air and household
dust) and natural environments (e.g., water bodies).
Accordingly, plastic materials are an important source of
human exposure to chemicals.4 Well-known examples include

the plastic monomer bisphenol A (BPA) and phthalate esters
used as plasticizers.5 Their metabolites have been detected in
>92 and >98% of the US general population, respectively,6−8

indicating ubiquitous exposure.
While exposure, hazard, and epidemiological data on few,

prominent plastic-associated chemicals, such as BPA, is
abundant,9 it remains challenging to assess the chemical safety
of plastics because (1) they comprise a diverse and
heterogeneous group of polymers and (2) each product has
an individual and complex chemical composition, which (3)
often includes unknown compounds. Today, more than 5300
polymer formulations are commercial available10 and more
than 4000 known chemicals are associated with plastic
packaging alone.4 This chemical complexity puts into question
current approaches to assess the safety of plastics, especially
with regards to food contact materials (FCMs).11 While the
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risk of starting substances and additives is evaluated prior to
the authorization of FCMs in many countries,12 this approach
disregards unexpected and unknown compounds present in the
final product (e.g., NIAS), as well as mixture toxicity.13

To address these limitations, in vitro and in vivo bioassays
can be used to assess the toxicity of the whole migrate leaching
from the final product.14,15 Compared to the chemical analysis
of selected target compounds, bioassays integrate the toxicity
of mixtures leaching from plastics including known chemicals
with unknown toxicity and truly unknown compounds.
Further, the chemicals causing toxicity can be identified
when coupling bioassays to chemical analysis.16,17

Previous studies have demonstrated that plastic FCMs
induce in vitro and in vivo toxicity.14 Since these studies
focused on few end points and products, a comprehensive
toxicological characterization of plastics is missing. Thus, our
study aims at comparing the toxicological and chemical profiles
of a range of everyday consumer products made of petroleum-
based commodity and bio-based polymers. We hypothesized
that the toxicity present in plastics can be benchmarked based
on the polymer type. Further, we tested the hypothesis that
their chemical signature predicts the toxicity. Finally, we aimed
at identifying and prioritizing the chemicals leaching from
plastics.
We selected 34 plastic consumer products from the market

covering FCMs and non-FCMs made of high-density and low-
density polyethylene (HDPE, LDPE), polystyrene (PS),
polypropylene (PP), polyethylene terephthalate (PET),
polyvinyl chloride (PVC), polyurethane (PUR), and the bio-
based polylactic acid (PLA). We extracted these products and
analyzed the extracts’ baseline toxicity, oxidative stress
induction, cytotoxicity, and endocrine activity in vitro. In
addition, we performed nontarget, high resolution gas
chromatography−mass spectrometry (GC-QTOF-MS) to
characterize the chemicals present in plastics and used ToxCast
data to prioritize them.

2. MATERIALS AND METHODS

2.1. Sample Selection and Polymer Identification. We
selected 34 plastic products (Table 1) covering the polymer
types with the highest market share (PP > LDPE > HDPE >
PVC > PUR > PET > PS).18 These petroleum-based materials
include plastics with high (e.g., PVC) and low additive content
(e.g., PET). In addition, we included PLA as bio-based,
biodegradable plastics because these materials are potential
replacements for petroleum-based plastics.19 We selected four
or five items per polymer type. Wherever possible, we included
packaging products as this sector has the highest plastic
demand.18 We selected high consumption product classes
based on their share in municipal waste (containers > plastic
wraps > bags and sacks > soft drink bottles).20 The samples
include 20 products with and 14 without food contact. The
ratio of FCMs and non-FCMs is different for the polymer
types (PS only FCM, PUR only non-FCM). We purchased the
products in local retailer stores and confirmed their polymer
types (most contained a recycling code) using Fourier-
transform infrared spectroscopy (FTIR, PerkinElmer, Spec-
trum Two, Waltham, Massachusetts). The spectra of the
samples can be accessed under DOI: 10.5281/zeno-
do.3263830. They were compared to reference spectra from
our own library and the literature using the software
SpectraGryph.21

2.2. Plastic Extraction. Whenever feasible, we used glass
or polytetrafluoroethylene consumables to avoid sample
contamination and rinsed all materials twice with acetone
(pico-grade, LGC Standards) and annealed them at 200 °C for
≥3 h. The content was removed from packaging samples, and
the products were rinsed thoroughly with ultrapure water until
residues were completely removed. All samples were cut into
0.5−0.8 × 2 cm pieces and foamy products additionally to a
thickness of 0.5 cm. Three grams of each were placed in one or
two amber glass vials, depending on their volume. After the
addition of 20 mL of methanol (99.9% LC-grade, Sigma-
Aldrich), samples were extracted by sonication in an
ultrasound bath for 1 h at room temperature. We selected
methanol because this was the only solvent that did not
dissolve any of the polymers. The methanol was transferred
into clean glass vials, and 20 μL of the methanol extracts were
retained for chemical analysis. After 200 μL of dimethyl
sulfoxide (DMSO, Uvasol, Merck) was added as a keeper,
samples were evaporated under a gentle stream of nitrogen to a
final volume of 200 μL and stored at −20 °C prior to in vitro
analysis. Two procedural blanks (PB 1/2) consisting of amber
glass vials not containing any sample but only methanol were
treated identically to control for a potential contamination. To
contextualize the bioassay results, we use “plastic equivalents”

Table 1. Plastic Products Analyzed in This Study

sample plastic product FCMa

HDPE 1 refillable drinking bottle yes
HDPE 2 yogurt drink bottle yes
HDPE 3 bin liner no
HDPE 4 shower gel bottle no
LDPE 1 lemon juice bottle yes
LDPE 2 plastic wrap yes
LDPE 3 freezer bag yes
LDPE 4 hair conditioner bottle no
PS 1 yogurt cup yes
PS 2 fruit tray yes
PS 3 vegetable tray yes
PS 4 plastic cup yes
PP 1 refillable drinking bottle yes
PP 2 yogurt cup yes
PP 3 gummy candy packaging yes
PP 4 handkerchief packaging no
PP 5 shampoo bottle no
PET 1 soft drink bottle yes
PET 2 yogurt cup yes
PET 3 oven bag yes
PET 4 vegetable tray yes
PET 5 shampoo bottle no
PVC 1 plastic wrap yes
PVC 2 place mat no
PVC 3 pond liner no
PVC 4 floor covering no
PUR 1 scouring pad no
PUR 2 kids bath sponge no
PUR 3 acoustic foam no
PUR 4 shower slippers no
PLA 1 yogurt cup yes
PLA 2 vegetable tray yes
PLA 3 shampoo bottle no
PLA 4 coffee cup lid yes

aFCM: Food contact material.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02293
Environ. Sci. Technol. 2019, 53, 11467−11477

 



in such that “1 mg plastic” implies the toxicity extracted from 1
mg of plastic material. Accordingly, 1 μL sample extract
corresponds to 15 mg plastic (exception PS 2: 1 μL = 7.5 mg
plastic).
2.3. Bioassays. All bioassays were conducted in 96-well

microtiter plates with negative controls, solvent controls
(DMSO), PB 1/2, and a solvent blank (SB, 20 mL of pure
methanol used for sample extraction evaporated to 200 μL of
DMSO). Samples, solvent controls, and blanks were diluted
100-fold (baseline toxicity), 200-fold (oxidative stress
response), or 480-fold (endocrine activity) with medium,
resulting in a maximum final solvent concentration of 1%,
0.5%, or 0.2% (v/v), respectively. Since DMSO solvent
controls did not exhibit any effects compared to negative
controls in these concentrations, the results for both controls
were pooled. Throughout the experiments, none of the
controls and blanks induced toxicity. Thus, there was no
contamination during sample extraction and analysis (Figure
S1).
2.3.1. Baseline Toxicity. The Microtox assay with the

bioluminescent bacterium Aliivibrio f ischeri was performed
according to an international guideline22 miniaturized to a 96-
well plate format.23 In brief, extracts and controls including the
reference compound 3,5-dichlorophenol (Table S1 and Figure
S2) were analyzed in serial dilutions (1:2 in saline buffer). For
extracts, these eight concentrations correspond to 0.18−22.5
mg plastic, except for PS 2 (0.09−11.25 mg plastic), PVC 1
and PLA 3 (further diluted to 2.7 μg plastic). Fifty microliters
of A. f ischeri suspension was added to 100 μL sample.
Luminescence was measured prior to and 30 min after sample
addition using a Spark 10M microplate reader (Tecan,
Crailsheim, Germany).
In accordance with the ISO guideline,22 the results were

corrected for the luminescence in the blanks (empty wells) and
for the change in luminescence in negative controls over 30
min, resulting in a relative luminescence inhibition (%). Dose−
response relationship curves were derived for each sample
using a four-parameter logistic model with the lower and upper
plateau constrained to 0 and 100% luminescence inhibition,
respectively. Results, from three to five independent experi-
ments with two technical replicates each, are expressed as
effect concentration (EC20 ± SEM, mass of plastic inducing a
20% luminescence inhibition) and mean effect size ± SEM
(luminescence inhibition induced by 22.5 mg plastic). In case
an EC20 could not be derived, we used an EC20 of 25 mg
plastic indicating that the EC20 is larger than the highest
analyzed concentration.
2.3.2. Oxidative Stress Response. We used the AREc32

assay to investigate the induction of an oxidative stress
response in the Nrf2/ARE pathway.24 The AREc32 cell line
was obtained from Signosis, Inc. (catalog number SL-0010-NP,
Santa Clara, CA, USA) and checked for the absence of
mycoplasma contamination (MycoAlert PLUS Mycoplasma
Detection Kit, Lonza, Walkersville, USA). The assay was
performed as described previously25 with minor modifications.
In brief, 12 000 cells well−1 were seeded in 96-well plates. After
24 h, 100 μL medium well−1 was replaced by medium
containing eight concentrations of the samples serially diluted
1:2 (0.06−7.5 mg plastic except PS 2, 0.03−3.8 mg plastic) or
the reference compound tert-butylhydroquinone (Table S1 and
Figure S2). After 24 h, cell viability and luciferase activity were
determined. The former was performed visually by brightfield
microscopy (Zeiss, Axiovert 40C)26 as this was more sensitive

than the resazurin assay. If morphological changes (abundance
of spherical or dead cells) were apparent, the respective
treatment was considered cytotoxic and excluded from further
analysis. The luciferase activity was determined immediately
after adding 100 μL of 0.015% w/v beetle luciferin potassium
salt (Promega, E1601) using a Spark 10M microplate reader.
Each sample was analyzed in three to four independent
experiments with duplicates each.
We derived dose−response relationships for the induction

ratios (IR) using a four-parameter logistic model (lower
plateau constrained to 1) to interpolate the plastic mass
producing an IR of 2 over the control (ECIR2). In case an
ECIR2 could not be derived, we used an ECIR2 of 8 mg plastic,
indicating that the ECIR2 is larger than the highest analyzed
concentration. The IR at the highest noncytotoxic concen-
tration is also reported.

2.3.3. Endocrine Activity. We used yeast-based reporter-
gene assays to investigate the induction of agonistic activity at
the human estrogen receptor α (hERα)27 and antagonistic
activity at the human androgen receptor (hAR).28 The Yeast
Estrogen Screen (YES) and the Yeast Antiandrogen Screen
(YAAS) were performed as previously described with minor
modifications.29 In brief, samples were diluted 480-fold in
medium resulting in a final sample concentration of 3.75 mg
plastic equivalents well−1. Samples that induced ≥20%
cytotoxicity were excluded and reanalyzed in seven additional
1:2 serial dilutions (lowest concentration in the YES, PLA 3 =
3.7 μg plastic, PS 2 = 29.3 μg, PVC 2/PLA 1 = 58.6 μg, and in
the YAAS, PLA 3 = 3.7 μg plastic, PP 2 = 14.6 μg, PP 3/PP 5/
PVC 2/PLA 1 = 29.3 μg). 17β-estradiol and flutamide served
as reference compounds for the YES and YAAS, respectively
(Table S1 and Figure S2). To determine the antagonistic
activity in the YAAS, 10 nmol L−1 testosterone, inducing ∼75%
activity, was added. The initial cell density was adjusted to 25
formazin attenuation units (FAU) for YES and 100 FAU for
YAAS. After 20 h incubation, we determined the cell density as
absorbance at 595 nm on a Spark 10M instrument. After
transferring 30 μL well−1 to a new 96-well plate, 50 μL of lacZ
buffer containing 1.5 mmol L−1 4-methylumbelliferyl β-D-
galactopyranoside (MUG, Merck, CAS 6160-78-7) and 1
mmol L−1 dithiothreitol (Sigma-Aldrich, CAS 3483-12-3) was
added. The fluorescence (excitation = 360 nm, emission = 465
nm) was determined after 40 min incubation at 30 °C using a
Spark 10M instrument. We also analyzed all samples for
autofluorescence prior to the MUG addition and did not
observe any. All noncytotoxic samples were analyzed in three
independent experiments with eight replicates, each.
Data was processed as previously described to derive the

relative cytotoxicity, as well as relative estrogenic and
antiandrogenic activities.30 The limit of detection (LOD) of
each experiment was calculated as three times the standard
deviation (SD) of pooled negative and solvent controls.
Significant differences were calculated for effects > LOD.
Dose−response relationships for cytotoxicity and relative

endocrine activity were calculated using a four-parameter
logistic function constrained to bottom level of zero (0%
cytotoxicity/activity) and for cytotoxicity also a top level of
100%. The respective plastic equivalents inducing 20%
cytotoxicity (effect concentration, EC20) were interpolated
from the dose−response curves. For the endocrine activity, the
EC50 was used. To ensure comparability of independent
experiments only those experiments were considered in which
the dose−response relationship of the reference compound
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had a r2 > 0.9, a minimal relative luminescence unit >4500, and
a maximal >50 000, as well as an EC50 next to 6 × 10−11 mol
L−1 17β-estradiol (YES) or 2 × 10−5 mol L−1

flutamide (YAAS,
Table S1).
2.4. Chemical Analysis. Methanolic extracts were

analyzed using an Agilent 7890B gas chromatograph with
electron ionization and an Agilent 7200 QTOF mass
spectrometer (1 μL injection volume, see SI for details).
Chromatograms were automatically integrated using Mass-
hunter (selecting peaks with an area ≥ 1% of the largest peak,
“features”) and compounds identified by comparison of the
mass spectra with the NIST 14 library (score ≥ 70) using a
nontargeted approach. We refer to the latter chemicals as
tentatively identified as we did not use authentic standards to
confirm their identity. This corresponds to level 2 of
confirmation (probable identification).31 We removed all
tentatively identified compounds found in both PBs from
our samples. For each sample and PB, we calculated the sum of
all peak areas as indicator for the total abundance of chemicals,
the total peak count (features) as indicator for the number of
compounds and the relative number of unidentified peaks
(score < 70). The raw data from GC-QTOF-MS/MS analysis
can be accessed under DOI: 10.5281/zenodo.3263830.
2.5. Data Analysis. We used GraphPad Prism 5 and 7

(GraphPad Software, San Diego, CA) for nonlinear regressions
and statistical analyses. To compare two treatments, we used
Mann−Whitney tests. A p < 0.05 was considered statistically
significant.
Out of the tentatively identified chemicals from the GC-

QTOF-MS analysis, we selected the five peaks with the largest

areas that did not occur in the blanks and queried their CAS
numbers in PubChem32 using R33 to extract information on
the compounds’ industrial function according to the Toxic
Substances Control Act (TSCA).34 In addition, we cross-
referenced the CAS numbers of all compounds with the
database of “Chemicals associated with Plastic Packaging”
(CPPdb List A and B)4 to identify the origin (likely and
possibly originating from plastics).
We downloaded the most recent ToxCast database

(INVITRODB_V3_SUMMARY from the US EPA)35 and
cross-referenced the CAS numbers of all compounds with
oldstyle_ac50_Matrix_180918.csv to filter for tested and active
chemicals. We selected the high-throughput assays matching
our end points (Table S2) and extracted the respective activity
values 50 (AC50, concentration at 50% of maximum activity)
for our compounds. Taking a worst-case approach, we
calculated the ratios of the lowest available AC50 and the
largest peak area for each end point. We used the ten
compounds with the lowest ratio from each end point to
compile a joint list of priority chemicals.
To benchmark toxicity in a heat map, we normalized each

effect concentration or level (Tables S3, S4, and S5) to the
lowest (0%) and highest value (100%) in the data set. We did
the same for data from chemical analysis (Table S6; total peak
area, number of all detected peaks, and percent of unidentified
peaks).
We performed cluster analyses to compare the toxicological

(Microtox EC20, AREc32 ECIR2, and YES/YAAS % relative
activity) and chemical signatures of the samples. For the latter,
we converted the data from the Agilent instrument to an

Figure 1. Baseline toxicity of plastic extracts in the Microtox assay. Data is presented as mean EC20 for bioluminescence inhibition (lines) from
three to five independent experiments (dots) performed with duplicates. The >22.5 indicates that the extracts of 22.5 mg plastic (highest analyzed
concentration) did not inhibit the bioluminescence by >20%.

Figure 2. Oxidative stress response induced by plastic extracts in the AREc32 assay. Data is presented as mean ECIR2 (lines) from three to four
independent experiments (dots) performed with duplicates. The >7.5 indicates that extracts from 7.5 mg plastic (highest analyzed concentration)
did not produce an induction ratio of 2 (IR2).
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mzML format using MSConvertGUI36 and processed the data
using MZmine 2.3337 to generate a joint peak list containing
the peak areas of all masses detected in the samples. We
calculated the Euclidean distance between samples and
clustered them hierarchically using the “complete linkage”
method with the “dist” and “hclust” functions in R.33

3. RESULTS

3.1. Baseline Toxicity. The inhibition of bioluminescence
in A. f ischeri is more sensitive than other end points for
nonspecific toxicity, such as cytotoxicity in mammalian cells.38

We observed baseline toxicity for two-third of the 34 plastic
extracts (Figure 1). All PVC, PUR, and PLA, as well as three
out of four LDPE products inhibited bioluminescence with a
high efficiency (low EC20) and effect level (Table S3 and
Figure S3). In contrast, none of the PET extracts induced an
effect. The baseline toxicity of HDPE, PS, and PP extracts
varied with the product.
3.2. Oxidative Stress Response. The AREc32 assay is

used to investigate the induction of the Nrf2-ARE regulated
oxidative stress response in a human cell line.24 Fourteen
plastic extracts activated this pathway (Figure 2), including all
PVC and PUR samples. While PUR extracts (ECIR2 = 0.47−
1.82 mg plastic) were more efficient than PVC extracts (ECIR2
= 1.16−5.27 mg plastic), the effect level was higher for PVC
(IR = 2.58−13.6) than for PUR samples (IR = 2.75−3.88,
Table S4 and Figure S4). In addition, one LDPE, PLA, PET,
and PS sample each, as well as two PP samples, induced an
oxidative stress response. Here, LDPE 4 induced the highest
effect (IR = 37.0) with a high potency (ECIR2 = 0.48 mg
plastic).
3.3. Endocrine Activity. To investigate whether plastics

contain estrogen receptor agonists or androgen receptor
antagonists, we analyzed the samples in reporter gene assays.
Four extracts (HDPE 3, PS 1, PVC 2, and PVC 4) activated
the estrogen receptor above the LOD (2.33% relative
estrogenic activity). However, the estrogenic activity was low
for all samples (Table S5 and Figures S5 and S6), except for a
place mat (PVC 2). This sample induced the strongest
estrogenic activity with up to 27% (at 0.94 mg plastic, Table S5
and Figure S6).
Compared to that, the extracts’ antiandrogenic activity

(LOD = 29.18%) was more pronounced, with 9 out of the 34
samples inhibiting the androgen receptor by 30−87% (Figures
3 and S7 and Table S5). Here, all PUR extracts, three PVC
extracts, and one extract from PP and HDPE were

antiandrogenic. As for estrogenic activity, the place mat
(PVC 2) induced the strongest effect (EC50 = 0.97 mg plastic,
87% receptor inhibition, Table S5 and Figure S7).

3.4. Cytotoxicity. In total, nine extracts were cytotoxic to
the cells used in the AREc32 assay (Table S4). Here, PS 2 and
PUR 1−3 were most potent with a highest noncytotoxic
concentration of ≤1.88 mg plastic. In yeast cells, four extracts
(PS 2, PVC 2, PLA 1, and 3) were cytotoxic (Table S5, EC20=
0.05−3.59 mg plastic). In addition, PP 3 and 5 were cytotoxic
in the YAAS but not in the YES. The extract of a PLA
shampoo bottle (PLA 3) was most potent.

3.5. Comparison of Food and Non-food Contact
Materials. To investigate whether FCMs contain a lower
toxicity than non-FCMs, we pooled the data from the 20
products with and the 14 products without food contact. We
did not observe a significant difference for baseline toxicity and
estrogenicity (Figure S8). In contrast, non-FCMs induced a
significantly higher oxidative stress response and antiandroge-
nicity. However, this was not generally true as some individual
FCMs were more toxic than non-FCMs made of the same
plastic type (e.g., in case of PP, PET, and PVC). Furthermore,
we observed a high toxicity for specific food contact articles,
including a food wrap (PVC 1, baseline toxicity and
antiandrogenicity), a yogurt cup, a food tray, and a coffee
cup lid (PLA 1, 2, and 4, baseline toxicity), a gummy candy
packaging (PP 3, oxidative stress response), and another
yogurt cup (PP 2, antiandrogenicity).

3.6. Nontarget Chemical Screening. To get an overview
of the chemical content of the plastic extracts, we ranked them
according to the total peak count and area derived from the
GC-QTOF-MS data. Overall, we detected between 0 and 194
features per sample. PVC 3 had the largest total peak count
and area (Table S6). In total, 15 extracts contained more than
40 peaks, including all PVC, three PUR and three PP products.
On the lower end of the spectrum, the PET samples contained
a maximum of five features and small total peak areas. Four
PVC and two PLA products ranked among the samples with
the ten largest total peak areas.
In total, we detected 1411 features. We searched their mass

spectra in the NIST database to tentatively identify them.
Here, 362 spectra matched a known chemical with a score ≥70
(26% of all compounds, Table S7) corresponding to 260
unique compounds. These represent 18% of all detected
chemicals. Out of the 260 unique chemicals, 60 were detected
in more than one sample, including 12 compounds that were
present in more than three samples (Table S8). Butylated

Figure 3. Relative antiandrogenic activity given as relative human androgen receptor inhibition of extracts from 3.75 mg plastic or, if cytotoxic (c),
for the highest noncytotoxic concentration (Table S5). Data (n = 24, dots) is presented with means (lines). Mean effects > LOD were considered
significant.
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hydroxytoluene (7 detects), 1,7-di-iso-propylnaphthalene (6),
methyl isostearate (6), and methyl di-t-butyl hydroxyhydro-
cinnamate (6) were most common. Interestingly, some
chemicals were specific to a certain polymer type with styrene
and one benzene present in all PS samples (Table S8 and S9).
3.7. Origin and Functionality of the Detected

Chemicals. Regarding their functionality, most of the
tentatively identified compounds are classified as food
additives and contaminants (13.2%), intermediates (9.9%),
solvents (8.6%), process regulators and aids (8.3%), surface-
active substances (6.3%), as well as lubricants and lubricant
additives (6.3%) according to TSCA (Table S10). Regarding
their origin, we cross-referenced our data set with the
“Chemicals associated with Plastic Packaging database”4 and
found 57 compounds likely or potentially associated with
plastic packaging (see Table S9 for details). These chemicals
include monomers (styrene in all PS samples) and additives,
such as flame retardants (e.g., triethyl phosphate in sample
PUR 3), UV filters (e.g., benzophenone in PP 5, PVC 1/3),
and antioxidants (e.g., butylated hydroxytoluene in PP 3/5,
PVC 2/3, PUR 1/2/4). Further, we identified the plasticizers
decanedioic acid, dibutyl ester (PP 3), tributyl acetylcitrate
(PP 3/4, PVC 3/4), bis(2-ethylhexyl) phthalate (DEHP in
PVC 2), and didecyl phthalate (DIDP in PVC 3). We also
detected seven known NIAS, including 9-octadecenamide (PS
2, PP 4, PVC 2, PUR 2, PLA 3), di-tert-butylphenol (HDPE 3,
LDPE 2/3), a derivative of benzenepropanoic acid (HDPE 2,

LDPE 2/3, PP 3/5, PUR 3), and a di-tert-butyl-oxaspirodeca-
dienedione (LDPE 3).

3.8. Toxicity of the Detected Chemicals. We cross-
referenced the 260 tentatively identified compounds with in
vitro toxicity data from ToxCast. Sixty chemicals (23%) were
analyzed in at least one assay for estrogenicity, antiandroge-
nicity, oxidative stress response, or cytotoxicity (see Tables S11
and S2 for assay information). Thirty-one and 24 chemicals
were estrogenic or antiandrogenic in at least one ToxCast
assay, respectively. Twenty-five and 52 compounds induced
oxidative stress or cytotoxicity, respectively. Regarding the
polymers, LDPE (13 chemicals), PVC (11), and PLA (7)
contained the most known estrogenic compounds, and PVC
(11) and PLA (5), as well as LDPE, PP, and PUR (4), the
most antiandrogenic compounds. Chemicals inducing oxida-
tive stress or cytotoxicity were most present in LDPE (11),
PVC (9), and PP (6), as well as LDPE (31), PLA (16), and PP
(15), respectively.
We compared the lowest AC50 values of each compound

with its highest peak area in the plastic samples (see Table
S11). We use the latter as proxy for the abundance of the
chemical in the sample. However, this approach has major
limitations because the peak area depends on other parameters
than concentration, including volatility and ionizability. We
used the ratio of AC50 to peak area to prioritize the top ten
compounds per end point. In total, 27 compounds had a low
ratio of toxicity to abundances (Table 2). On the basis of the

Table 2. High Priority Chemicals in Plastics According to Toxicity (ToxCast data) and Abundance in the Samples (Peak
Area)a

lowest AC50 value from ToxCast (μM)

CAS name OX AA E CT origin detected in samples

10482-56-1 α-terpineol 39.5 NA 1.64 0.06 C LDPE 1/4
112-62-9 9-octadecenoic acid (Z)-, methyl ester ND NA 46.3 1.64 × 10−3 P LDPE 2, PVC 2
112-63-0 9,12-octadecadienoic acid (Z,Z)-, methyl ester 27.8 53.9 6.93 24.9 p LDPE 1
112-80-1 oleic acid 100 4.59 33.4 1.00 × 10−5 P LDPE 1, PLA 3/4
115-99-1 linalyl formate 60.4 NA NA 0.17 C LDPE 1/4
119-61-9 benzophenone 112 NA 5.35 0.24 P PP 5, PVC 1/3
120-46-7 dibenzoylmethane 4.16 45.3 7.22 52.9 P PVC 3
128-37-0 butylated hydroxytoluene 49.2 0.11 21 0.08 P PP 3/5, PVC 2/3, PUR 1/2/4
13466-78-9 3-carene 53.0 NA 92.3 NA C HDPE 4, LDPE 1/4
143-07-7 dodecanoic acid 106 14.0 6.85 18.8 P PLA 3/4
149-57-5 hexanoic acid, 2-ethyl- NA 52.8 NA 0.83 P PUR 2
2425-77-6 1-decanol, 2-hexyl- 91.0 NA 14.9 46.1 P PP 5
26896-20-8 neodecanoic acid ND 22.21 87.0 ND P PVC 3
29761-21-5 isodecyl diphenyl phosphate 18.9 45.2 9.39 1.13 × 10−5 P PVC 2/3/4
5392-40-5 citral 68.7 NA 22.2 1.64 × 10−3 P LDPE 4
554-12-1 methyl propionate ND NA NA 0.22 C/p PLA 1/2
55406-53-6 iodopropynyl butylcarbamate 3.20 9.19 24.5 1.86 P PLA 3
57-10-3 n-hexadecanoic acid NA NA 37.5 70.4 P PLA 3/4
57-11-4 octadecanoic acid NA 12.1 2.30 11.1 P PLA 4
77-90-7 tributyl acetylcitrate 57.3 38.4 NA NA P PP 3/4, PVC 3/4
7785-70-8 α-pinene NA NA 0.73 NA C LDPE 4
78-40-0 triethyl phosphate NA NA 90.5 1.50 × 10−5 P PUR 3
80-54-6 lilial 24.7 NA 25.4 0.02 P PP 5
84-76-4 1,2-benzenedicarboxylic acid, dinonyl ester ND 3.40 NA NA P PVC 4
84-77-5 didecyl phthalate ND 17.3 NA NA P PVC 3
85-68-7 benzyl butyl phthalate 45.1 36.8 6.41 1.65 × 10−3 P PVC 4
99-87-6 p-cymene NA NA NA 3.68 × 10−3 P LDPE 4

aCompounds listed in Table S10 were classified as plastic-associated (P). The other compounds were likely associated with plastics (p) or the
packed content (C). Note, OX, oxidative stress; AA, antiandrogenicity; E, estrogenicity; CT, cytotoxicity; NA, not active; ND, not determined; one
compound (76-25-5) was removed as implausible.
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ToxCast data, α-pinene, α-terpineol, and octadecanoic acid
were most estrogenic (AC50 < 3 μM). Butylated hydrox-
ytoluene and 1,2-benzenedicarboxylic acid, dinonyl ester were
the most potent antiandrogens with AC50 values < 4 μM.
Iodopropynyl butylcarbamate, dibenzoylmethane, and phos-
phoric acid, isodecyl diphenyl ester induced oxidative stress at
the lowest AC50 (<20 μM, Table S11). Oleic acid, isodecyl
diphenyl phosphate, and triethyl phosphate were most
cytotoxic (AC50 < 2 × 10−5 μM). Interestingly, 21 out of the
27 compounds affected more than one in vitro end point.
Moreover, 21 priority compounds originated from plastics and
five were associated with the packed content.
3.9. Comparing the Toxicological and Chemical

Signatures of Plastics. A comparison of the toxicological
signatures of the products highlights that PVC and PUR
affected most end points (Figure 4). PLA was similarly
effective, especially regarding the induction of baseline toxicity
and cytotoxicity. In contrast, HDPE and PET induced the
lowest toxicity across all assays. The signatures of products
made from LDPE, PS, and PP are more heterogeneous. Here,
some samples were toxic in a range of assays, whereas other
products from the same polymer type were not. We performed
a cluster analysis to test the hypothesis that the polymer type
predicts the toxicity of a material. The samples clustered in
three main groups that correspond well to a low, medium, and
high toxicity across all assays (Figure S9). All HDPE and PET
samples clustered in the low and PUR samples in the high
toxicity group. Accordingly, the polymer type may be
predictive for the toxicity of these materials. All other polymer
types spread across different toxicity clusters indicating that a
generalization regarding their toxicity is not possible.
We used the same approach to compare the chemical

signatures of the samples and observed no clear patterns
regarding the number of detected features and the total peak
area (Figure 4). However, this analysis was dominated by PVC
3, which contained by far the most compounds in the highest
abundance. The number of unidentified peaks was high across
all samples except for most LDPE and PS products. A cluster
analysis using the full mass spectral data, including the
unidentified peaks, classified the samples according to
increasing chemical complexity but did not return distinct
clusters (Figure S9). Here, most but not all products made
from either PET, HDPE (low complexity), or PS (medium
complexity) were chemically very similar. For the other
polymer types, chemical signatures clustered widely indicating
a low similarity of samples made of the same polymer.

While some products from the low and high toxicity cluster
were found to be of low and high chemical complexity, there
are some exceptions to this trend. For instance, PUR 1
clustered with the nontoxic samples based on its chemical
signature but was highly toxic. Vice versa, the nontoxic HDPE
4 was chemically more similar to the very toxic samples. While
there was a general trend for an increased toxicity with higher
chemical complexity, chemical, and toxicological signatures do
not match. Accordingly, it is not possible to predict the toxicity
of a polymer based on chemical analysis.

4. DISCUSSION
4.1. Common Plastic Products Contain Chemicals

Inducing in Vitro Toxicity. In previous studies, bioassays
have been applied to assess the toxicity leaching from diverse
FCMs.14 However, this is mainly restricted to certain materials
and toxicological end points and based on the analysis of
packed food or leachates from migration studies. Thus, a
comprehensive assessment of the toxicity present in plastic
products covering all commodity polymers is absent. In our
study, the majority of plastics contained chemicals inducing
unspecific toxicity, including baseline toxicity, oxidative stress,
and cytotoxicity. Twenty-one out of 34 samples induced
baseline toxicity, which in case of the most potent samples
translated to cytotoxicity in the other bioassays. Little
information is available on unspecific toxicity leaching from
plastics. Szczepanśka et al.39,40 reported a strong baseline
toxicity migrating from two PE FCMs, as well as baby toys
(diverse polymers). In line with our findings, PET-bottled
water did not induce baseline toxicity in the Microtox assay41

or cytotoxicity in MCF7 and PALM cells,42 as well as HePG2
cells.43 This implies that PET does not contain chemicals
inducing unspecific toxicity. The results on the cytotoxicity of
water stored in PET and PVC bottles in murine fibroblasts (L-
929) are conflicting.44 So far, there is no data on plastics
containing chemicals triggering an oxidative stress response.
While previous reports are sporadic, our results imply that
chemicals inducing unspecific toxicity are prevalent in plastic
products, especially in those made from PVC, PUR, and PLA.
Our results also show that plastics contain endocrine

disrupting chemicals. Here, antiandrogenicity (9 products)
was more frequent and potent than estrogenicity (4).
Compared to unspecific toxicity, more data is available on
the endocrine activity of plastics, mainly on bottled water
packed in PET.14 Estrogenicity has been detected in plastics
used as food packaging, medical supplies and labware,45−48

Figure 4. Toxicological and chemical signatures of plastics based on the results of all bioassays and GC-QTOF-MS data (total peak area, number of
all detected peaks (peak/feature count), ratio of unidentified peak (unid. peaks)). Controls (C) include procedural blank 1 (1) and 2 (2), as well as
the solvent blank (3). Note: EC20, effect concentration inducing 20% baseline toxicity; ECIR2, effect concentration with an induction ratio of 2 over
the negative control.
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casings of consumer electronics,17 baby teething toys,49 and
pet toys.50 Antiandrogenicity was reported in FCMs48 and
baby products.49,40 Studies with reporter-gene assays compared
the endocrine activity of multiple plastic FCMs and confirm
our findings that PET does neither contain estrogenic nor
antiandrogenic compounds.47,48 Similar to our study, estro-
genicity was less common in PE, PP, and PS47 than
antiandrogenicity.48 In contrast, Yang et al.46 reported a
widespread estrogenicity leaching from multiple plastic
products. Here, 72% of the 455 samples induced a proliferative
response in the E-Screen, including products made of PLA,
PET, HDPE, PP, and PS. Since our extraction conditions are
much harsher than Yang et al.’s, there are only two alternative
explanations for the conflicting observations: Either the YES is
prone to false-negatives (e.g., because of its lower sensitivity)
or the E-Screen is sensitive to false-positives (e.g., because the
proliferative response is not exclusively mediated via hERα).
4.2. Toxicity is Less Prevalent in FCMs but Not

Absent. Our results indicate that plastic products not
intended for food contact induce a higher oxidative stress
response and antiandrogenicity compared to FCMs. This may
reflect the stricter regulation of chemicals used in FCMs.12

However, concerns have been raised over the safety of
FCMs,51,14 especially with regards to the migration of
unknown chemicals. Along the same line, our study shows
that some plastic FCMs contain compounds inducing oxidative
stress, estrogenicity, and antiandrogenicity. Importantly, both,
FCMs and non-FCMs induced a similar level of baseline
toxicity. This underpins the concerns over the adequacy of the
current approach for safety assessment of FCMs and implies
that bioassays might be more appropriate to assess their safety.
Importantly, plastics not intended for food contact can be
relevant sources of chemical exposures, too. Humans may be
exposed via ingestion (e.g., mouthing behavior), dermal
exposure, and inhalation if the chemicals readily migrate. In
addition, these chemicals may also affect wildlife, especially in
habitats that accumulate plastic litter.
4.3. Plastics Contain a Complex Mixture of Low

Molecular Weight Chemicals. Using a nontargeted screen-
ing with GC-QTOF-MS, we detected 1411 features in total.
While the chemical composition varied with the polymer and
the individual product, we detected >40 compounds in 15
samples. This shows that plastic products contain a large
number and wide variety of low molecular weight chemicals.
So far, the few studies that have used nontarget approaches
mainly focus on individual polymers or products. As an
example, Dorival-Garciá et al.52 used GC-Orbitrap-MS and
detected 32 and identified 20 compounds in PE-based single-
use bags for cell-cultivation. Vera et al.53 analyzed 26 FCM
films made from PP and tentatively identified 74 chemicals.
However, as in case with other studies, the total number of
detected peaks was not reported. This makes it difficult to
evaluate the extent to which the chemical composition of
plastics is (un)known. Here, we tentatively identified 260
chemicals out of 1411 features. This demonstrates that most of
the chemicals present in plastics (82%) cannot be identified
using the NIST database and, thus, remain unknown. Since the
health risks of unknown compounds cannot be assessed, this
poses a challenge for plastic manufacturers, public health
authorities, and researchers alike.
4.4. Toxicological Prioritization of Chemicals in

Plastics Is Possible but Remains Fragmentary. Focusing
on the tentatively identified compounds, we show that at least

57 chemicals originate from the plastic products in which they
are used as monomers, intermediates, solvents, process
regulators, and additives. We also detected seven known
NIAS. However, the identification of the compounds’ origin
and function was challenging and hampered by the lack of
publicly available data. Accordingly, there is a need to create
better chemical inventories for plastics, including NIAS, which
will also facilitate the characterization of human exposures to
plastic-associated chemicals.
We used ToxCast data to prioritize the detected compounds

according to their in vitro toxicity and retrieved high-
throughput data for 23% of the chemicals. This highlights
that toxicological data is unavailable for most of the known
chemicals. Accordingly, we speculate that these 60 compounds
are unlikely to explain the toxicity we observed in the plastic
extracts. A prioritization resulted in 21 plastic-associated
chemicals with high in vitro toxicity, based on ToxCast data,
and high abundance in our samples. These include well-known
additives (e.g., benzophenone, butylated hydroxytoluene,
triethyl phosphate), as well as several compounds that have
not received scientific attention but might be toxicologically
relevant. For instance, the isomers of decanoic acid that we
detected in a range of plastics are estrogenic and antiandro-
genic according to ToxCast. Accordingly, this prioritization
exercise can help generating hypotheses for future toxicological
and epidemiological research.

4.5. Some Polymers Contain More Toxic Chemicals
than Others. On the basis of our data, PVC and PUR
products contained chemicals inducing the highest toxicity at
most end points. In contrast, products made from PET and
HDPE induced, if at all, the lowest in vitro effects. As this was
true for all samples from those polymer types, we conclude that
PVC and PUR generally contain more toxic chemicals than
other polymers. This is supported by previous studies with
aquatic invertebrates. Here, migrates from PVC and PUR
induced the highest acute toxicity compared to other
commodity plastics in the freshwater cladoceran Daphnia
magna,54 the marine copepod Nitocra spinipes,55 and the
barnacle Amphibalanus amphitrite.56 PVC and PUR are known
to require large numbers and quantities of additives and have
been ranked most hazardous based on their chemical
composition.57 Notably, all PLA products induced strong
baseline toxicity similar to PVC and PUR. This demonstrates
that this bio-based and biodegradable material, despite being
marketed as better alternative, is not necessarily safer than
conventional plastics (see ref 58 for review).
For the other commodity plastics, LDPE, PS, and PP, a

generalization based on toxicological and chemical signatures is
not possible because certain products triggered a range of
toxicological end points, whereas others did not. This implies
that the toxicity of these products depends on their individual
chemical composition, which remains unknown to the public.
On a positive note, this also implies that alternative polymer
formulations are available on the market not containing the
chemicals that induced the toxicity investigated in this study.

4.6. Limitations and Future Directions. Given the
diversity of plastics, our analysis of four to five products per
polymer type is certainly not representative. Nonetheless and
to the best of our knowledge, it represents the most
comprehensive study of the toxicity and chemicals present in
plastics available, so far. The same is true regarding the in vitro
end points we investigated. We selected assays that are well-
established, robust, and in parts, standardized. We focused on
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baseline toxicity, oxidative stress, and cytotoxicity, as well as
endocrine activity because these are potentially relevant for
human health. However, it is important to highlight that our
aim was not to draw conclusions regarding the health impacts
of plastics but rather to benchmark materials based on their
intrinsic toxicity. Along the same line, we extracted plastics as
worst-case scenario instead of migration testing with softer
solvents (e.g., water). Thus, we expect to see different
toxicological and chemical signatures when using more realistic
migration conditions. The chemical screening with GC-
QTOF-MS is certainly limited because it is selective to
semivolatile and nonpolar organic compounds. Accordingly,
nonvolatile and polar compounds will be underrepresented in
our data. We decided to use GC-QTOF-MS because
comprehensive spectral libraries for compound identification
are available. However, the NIST database may be limited in
their coverage of plastic-associated chemicals, especially NIAS,
and the rate of false identifications might be high. A
confirmation of compounds of interest using authentic
standards can be used to resolve the latter. The same may
be true for the ToxCast data, which in addition might be prone
to false-positives and -negatives, as recently discussed for
PPARγ and RXRα.59 The only viable strategy to address the
limitations of both databases is to perform effect-directed
analysis to identify the compounds causing the toxicity present
in plastics. In a larger context, we need to approach the
challenges of assessing the risks of plastic materials from a new
perspective: Acknowledging their chemical complexity is the
first step towards developing new scientific and regulatory
approaches to improve their safety.
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(40) Szczepanśka, N.; Namiesńik, J.; Kudłak, B. Assessment of toxic
and endocrine potential of substances migrating from selected toys
and baby products. Environ. Sci. Pollut. Res. 2016, 23 (24), 24890−
24900.
(41) Ceretti, E.; Zani, C.; Zerbini, I.; Guzzella, L.; Scaglia, M.; Berna,
V.; Donato, F.; Monarca, S.; Feretti, D. Comparative assessment of
genotoxicity of mineral water packed in polyethylene terephthalate
(PET) and glass bottles. Water Res. 2010, 44 (5), 1462−1470.
(42) Real, M.; Molina-Molina, J.-M.; Jimeńez-Díaz, I.; Arrebola, J.
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A B S T R A C T

Plastics contain a complex mixture of known and unknown chemicals; some of which can be toxic. Bioplastics 

and plant-based materials are marketed as sustainable alternative to conventional plastics. However, little is 

known with regard to the chemicals they contain and the safety of these compounds. Thus, we extracted 43 

everyday bio-based and/or biodegradable products as well as their precursors, covering mostly food contact 

materials made of nine material types, and characterized these extracts using in vitro bioassays and non-target 

high-resolution mass spectrometry. Two-third (67%) of the samples induced baseline toxicity, 42% oxidative 

stress, 23% antiandrogenicity and one sample estrogenicity. In total, we detected 41,395 chemical features with 

186–20,965 features present in the individual samples. 80% of the extracts contained > 1000 features, most of 

them unique to one sample. We tentatively identified 343 priority compounds including monomers, oligomers, 

plastic additives, lubricants and non-intentionally added substances. Extracts from cellulose- and starch-based 

materials generally triggered a strong in vitro toxicity and contained most chemical features. The toxicological 

and chemical signatures of polyethylene (Bio-PE), polyethylene terephthalate (Bio-PET), polybutylene adipate 

terephthalate (PBAT), polybutylene succinate (PBS), polylactic acid (PLA), polyhydroxyalkanoates (PHA) and 

bamboo-based materials varied with the respective product rather than the material. Toxicity was less prevalent 

and potent in raw materials than in final products. A comparison with conventional plastics indicates that 

bioplastics and plant-based materials are similarly toxic. This highlights the need to focus more on aspects of 

chemical safety when designing truly “better” plastic alternatives.   

1. Introduction

Bioplastics are promoted as an alternative to conventional petro-

leum-based non-biodegradable plastics. With a production volume of 

2.11 million tons in 2018, their market share is very low (1% of all 

plastics) but expected to increase in the future (European Bioplastics, 

2018). The term “bioplastics” is still ill defined. It includes materials 

made from renewable feedstocks (bio-based, e.g., Bio-polyethylene, 

Bio-PE), materials supposed to degrade naturally (biodegradable, e.g., 

polybutylene succinate, PBS), or both (e.g., polylactic acid, PLA; 

Lambert and Wagner, 2017). Similar materials on the market, such as 

starch blends, are also defined as bioplastics by European Bioplastics 

(2018). It is currently unclear whether those and other plant-based 

materials that are often blends with synthetic materials (e.g., cellulose 

and bamboo-based materials) fall under that category. Either way, they 

are produced to fulfill the same function as plastic materials and appear 

as such to the consumer. 

The term “bioplastics” implies that they have similar favorable 

characteristics as their petroleum-based counterparts (e.g., cheap, 

lightweight, flexible) but with the positive connotation of “natural” 

materials. Along that line, they are marketed as more sustainable and 

benign than conventional plastics. However, little scientific evidence 

supporting such notion exists. As an example, some biodegradable 

plastics do not degrade in industrial or natural settings (Haider et al., 

2019). When evaluating and improving the environmental performance 

of bioplastics and plastic alternatives, the main focus is put either on 
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the production stage (e.g., carbon footprint, renewable feedstocks) or at 

the end of life (e.g., degradability). Currently, the performance during 

the use phase, such as the human exposure to chemicals are often dis-

regarded when evaluating the materials’ sustainability (Ernstoff et al., 

2019; Muncke et al. 2020). Along that line, very little is known in terms 

of the chemical safety of bioplastics, that is the identity of compounds 

present in the material and their (mixture) toxicity as well as the human 

exposure to these compound. These gaps in our knowledge are pro-

blematic because human exposure to chemicals from bioplastics and 

plant-based materials will increase with their increasing application. 

Compounds intentionally used in plastics include additives such as 

plasticizers, antioxidants and stabilizers that improve the material’s 

functionality as well as solvents and catalysts that enable production 

(Hahladakis et al., 2018). In addition, other intentionally (e.g., un-

reacted monomers) and non-intentionally added substances (NIAS, side 

or breakdown products) are present (Muncke, 2009). Although the in-

dividual compounds will be specific to the material, conventional as 

well as bio-based and biodegradable plastics can contain all these 

chemical categories. Additives are particularly relevant for polymers 

extracted from natural resources, such as starch and cellulose, or from 

microorganisms, such as PLA, because of their limited physical prop-

erties, such as thermal resistance and barrier properties (Beach et al., 

2013; Khan et al., 2017). As most of these compounds are not cova-

lently bound to the polymer, they can be transferred to air, solids (e.g., 

packed good or soil) or liquids (e.g., beverages) in a process called 

chemical migration. Thus, plastics are a major source of chemical ex-

posures to humans (Muncke et al., 2020) and potentially also terrestrial 

and aquatic ecosystems. 

In our previous study, we demonstrated that the majority of con-

sumer products made of conventional plastics contains chemicals that 

are toxic in vitro (Zimmermann et al., 2019). Interestingly, this was also 

true for the small set of bioplastics we analyzed. Accordingly, the aim of 

this study was to investigate whether a broader set of bioplastics and 

plant-based materials contain chemicals inducing toxicity. We hy-

pothesized that the in vitro toxicity of chemicals in bioplastics and plant- 

based materials is comparable to that of petroleum-based, non-biode-

gradable plastics and that the toxicity is more pronounced in the fin-

ished products compared to the pre-production pellets. We analyzed 43 

samples covering nine materials which we grouped according to their 

feedstock, biodegradability and processing state. We extracted these 

samples and analyzed the extracts’ baseline toxicity, oxidative stress 

induction and endocrine activity. In addition, we performed non-target 

high-resolution mass spectrometry (UPLC-QTOF-MS/MS) to char-

acterize the chemicals present in the products. 

2. Materials and methods

2.1. Sample and polymer identification 

In total, we selected 43 consumer products and raw materials (pre- 

production pellets, Table 1). The samples cover 27 bioplastics with the 

highest market share, including materials that are bio-based and bio-

degradable (PLA, PHA), petroleum-based and biodegradable (PBS, 

PBAT) as well as bio-based and not biodegradable (Bio-PE, Bio-PET;  

European Bioplastics, 2018). In addition, we analyzed 16 plant-based 

materials (starch, cellulose, bamboo). Thirty-one samples held an in-

scription to be suitable as food contact materials (FCMs). We acquired 

raw materials, intermediate and final products from local retailers, 

online suppliers and at a plastics trade fair. We analyzed the products 

by Fourier-transform infrared spectroscopy (FTIR, PerkinElmer, Spec-

trum Two, Waltham, Massachusetts; Fig. S1). The spectra of the sam-

ples can be accessed under DOI: 10.5281/zenodo.4004763. Using FTIR, 

we could not differentiate whether the PE and PET used in the products 

were made from renewable feedstocks or petroleum. Furthermore, we 

could not always confirm with certainty the material types indicated by 

the producer, distributor or vendor due to the absence of openly 

available spectral libraries covering bioplastics and plant-based mate-

rials or due to products being blends or composites. Thus, we named 

and categorized the products based on the origin (bio-based or petro-

leum-based) and biodegradability of their most prominent component 

labeled on the product or specified by the supplier. Many products are 

blends of more than one material (see Tab. S1; Peelman et al., 2013), 

and we obtained only limited information on the formulation of the 

samples from the suppliers, despite repeated requests. While in the 

European Union, monomers, catalysts and additives are regulated 

under REACH and positive lists exist, producers are not required to 

publicly disclose the exact chemical formulation of their products (Groh 

et al., 2019). 

2.2. Sample extraction 

To avoid sample contamination, we used glass or polytetra-

fluoroethylene consumables whenever feasible, rinsed all materials 

twice with acetone (pico-grade, LGC Standards) and annealed glass 

items at 200 °C for ≥3 h. Additionally, we conducted the sample pre-

paration and the bioassays under a laminar flow hood. For sample 

preparation, the content was removed from packaging samples and the 

products were rinsed thoroughly with ultrapure water until all residues 

were removed. Samples were cut with scissors into 0.5–0.8 × 2 cm 

pieces. While we were aiming at achieving similar surface areas for all 

samples, these varied due to the different thickness of the samples. 

Therefore, we decided to extract the same masses. Three grams of each 

were placed in one or two amber glass vials, depending on their vo-

lume. After adding 20 mL methanol (99.9% LC-grade, Sigma-Aldrich), 

samples were extracted by sonication in an ultrasound bath for 1 h at 

room temperature. We used methanol because we aimed at maximizing 

the extraction of chemicals without dissolving the material completely 

and to be able to compare our results with our previous study on 

conventional plastics (Zimmermann et al., 2019). The methanol was 

transferred into clean glass vials and 200 μL of the methanol extracts 

were retained for chemical analysis. After adding 200 μL dimethyl 

sulfoxide (DMSO, Uvasol, Merck) as a keeper, samples were evaporated 

under a gentle stream of nitrogen to a final volume of 200 μL and stored 

at −20 °C prior to in vitro analysis. In order to avoid the loss of com-

pounds, extracts were not filtered and, thus, may contain nano- and 

microplastics. Four procedural blanks (PB 1–4) consisting of amber 

glass vials not containing any sample but 20 mL methanol were treated 

identically to control for a potential contamination. To contextualize 

the bioassay results, we use “plastic equivalents” in such that “1 mg 

plastic” implies the toxicity extracted from 1 mg of plastic. Accordingly, 

1 μL extract corresponds to 15 mg plastic. We here report the masses 

extracted and applied per well of the respective bioassays. 

2.3. Bioassays 

All bioassays were conducted in 96-well microtiter plates with ne-

gative controls (without solvent), solvent controls (DMSO), procedural 

blanks (PB) and a solvent blank (SB). Samples, solvent controls and 

blanks were diluted 100-fold (baseline toxicity), 200-fold (oxidative 

stress response) or 480-fold (endocrine activity) with medium, resulting 

in a maximum final solvent concentration of 1%, 0.5% or 0.2% (v/v), 

respectively. Since DMSO did not exhibit any effects compared to ne-

gative controls in these concentrations, the results for negative and 

solvent controls were pooled. In addition, we analyzed solvent blanks 

(20 mL methanol used for the extraction evaporated to 200 μL DMSO) 

and procedural blanks (PB, treated exactly like the samples but not 

containing any material). Throughout the experiments, none of the 

blanks induced toxicity (see Tab. S3–S6). Thus, there was no con-

tamination during sample extraction and analysis. Pooled blanks 

(control, C) are presented in the bioassay results (Fig. 1, Fig. S2, S4–S8 

and S10). 

Baseline toxicity. The Microtox assay with the bioluminescent 
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bacterium Aliivibrio fischeri was performed according to an ISO guide-

line (ISO 11348-3, 2017) miniaturized to a 96-well plate format (Escher 

et al., 2008). In brief, extracts and controls including the reference 

compound 3,5-dichlorophenol (Tab. S2, Fig. S3) were analyzed in serial 

dilutions (1:2 in saline buffer). For extracts, these dilutions correspond 

to 0.18–22.5 mg plastic. Fifty μL of A. fischeri suspension was added to 

100 μL diluted sample. Luminescence was measured prior to and 

30 min after sample addition using a Spark 10 M microplate reader 

(Tecan, Crailsheim, Germany). In accordance with the ISO guideline 

(ISO 11348-3, 2017), the results were corrected for the luminescence in 

the blanks (empty wells) and for the change in luminescence in negative 

controls over 30 min, resulting in a relative luminescence inhibition 

(%). Dose-response relationships were derived for each sample using a 

four-parameter logistic model with the lower and upper plateau con-

strained to 0 and 100% luminescence inhibition, respectively. Results 

from two to five independent experiments with two technical replicates 

each are expressed as effect concentration (EC20  ±  SEM, mass of 

plastic well−1 inducing a 20% luminescence inhibition) and mean ef-

fect size  ±  SEM (luminescence inhibition induced by 22.5 mg plastic 

well−1). In case an EC20 could not be derived, we used an EC20 of 25 mg 

plastic well−1 to visualize the data, indicating that the EC20 is larger 

than the highest analyzed concentration. 

Oxidative stress response. We used the AREc32 assay to investigate 

the induction of an oxidative stress response in the Nrf2/ARE pathway 

(Wang et al., 2006). The AREc32 cell line was obtained from Signosis 

Inc. (catalog number: SL-0010-NP, Santa Clara, CA, USA). The assay 

was performed as described previously by Völker et al. (2017), with 

minor modifications. In brief, 12,000 cells well−1 were seeded in 96- 

well plates. After 24 h, 100 μL medium well−1 was replaced by medium 

containing serial dilutions (1:2 in medium) of the samples (0.06–7.5 mg 

plastic well−1) or the reference compound tert-butylhydroquinone (t- 

BHT, Tab. S2, Fig. S3). After 24 h, cell viability and luciferase activity 

were determined. Cytotoxicity was determined via the metabolic re-

duction of resazurin according to Palomino et al. (2002) with minor 

modifications. Resazurin sodium salt was dissolved at 0.01% (w/v) in 

phosphate buffer saline (PBS) and filtered (0.2 μm). Thirty μL resazurin 

solution was added to each well, incubated for 5.5 h and photo-

metrically measured at 570 and 600 nm (Spark 10 M, Tecan, Crail-

sheim, Germany). Based on the absorbance of resazurin and resorufin 

(reduced from resazurin by living cells ), the percentage of living cells 

was calculated. Extracts were considered cytotoxic if they reduced the 

cell number by > 10% compared to the control. The luciferase activity 

was determined immediately after adding 100 μL 0.015% w/v beetle 

luciferin potassium salt (Promega, E1601) using a Spark 10 M micro-

plate reader. Each sample was analyzed in two to four independent 

experiments with duplicates each. In order to control for the variability 

Table 1 

Bioplastics and plant-based materials analyzed in this study and total number of chemicals features detected by UPLC-QTOF-MS/MS. FCM: Indication that material is 

suitable for food contact, Type: Raw material (RM), final product (P).        

Plastic category Sample and plastic type Plastic product FCM Type Number of detected features  

Bio-based, biodegradable PLA 1 Single-use drinking cup + P 3755 

PLA 2 Disposable cutlery + P 3479 

PLA 3 Film + P 8648 

PLA 4 Food tray + P 6465 

PLA 5 Coffee capsule + P 6121 

PLA 6 Bag for foodstuff + P 17,224 

PLA 7 Single-use bottle + P 3002 

PLA 8 Film  P 10,958 

PLA 9 Pellet + RM 3667 

PLA 10 Pellet  RM 880 

PHA 1 Pellet  RM 614 

Petroleum based, biodegradable PBS 1 Plastic bar  RM 3864 

PBS 2 Food tray + P 10,959 

PBAT 1 Waste bag + P 15,843 

PBAT 2 Pellet + RM 9161 

Plant-based Starch 1 Disposable cutlery + P 1065

Starch 2 Bag for foodstuff + P 18,198 

Starch 3 Film  P 15,770 

Starch 4 Film + P 16,857 

Starch 5 Pellet + RM 9118 

Starch 6 Pellet + RM 8325 

Starch 7 Waste bag — P 20,965 

Starch 8 Film  P 11,901 

Cellulose 1 Tea bag wrapping + P 14,456 

Cellulose 2 Chocolate wrapping + P 3378 

Cellulose 3 Cigarette filter — P 15,719 

Cellulose 4 Pellet + RM 2953 

Cellulose 5 Bag for foodstuff + P 20,416 

Cellulose 6 Bag for foodstuff + P 14,031 

Cellulose 7 Bag for foodstuff + P 17,495 

Bamboo 1 Reusable coffee cup + P 5426 

Bio-based, non-biodegradable Bio-PE 1 Bag for foodstuff + P 5272 

Bio-PE 2 Wine closure + P 1629 

Bio-PE 3 Bag for foodstuff + P n.a.a 

Bio-PE 4 Pellet  RM 819

Bio-PE 5 Food tray + P 290

Bio-PE 6 Film  P 928

Bio-PE 7 Wine closure + P 947

Bio-PE 8 Pellet  RM 186

Bio-PE 9 Bag for foodstuff + P 19,028

Bio-PE 10 Film + P 13,381

Bio-PET 1 Reusable bottle + P 390

Bio-PET 2 Box  P 5625

Note: a n.a., not analyzed. 
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between experiments as well as 96-well plates, t-BHT was analyzed on 

each plate. We only considered those plates on which the t-BHT do-

se–response relationship was within the 95% confidence interval of the 

previously verified full-dose response relationship (see Fig. S3). We 

excluded the concentrations that were cytotoxic in the respective ex-

periment and replicate and derived dose–response relationships for the 

induction ratios (IR) using a four-parameter logistic model (lower pla-

teau constrained to 1) to interpolate the plastic mass producing an IR of 

2 over the control (ECIR2). In case an ECIR2 could not be derived, we 

used an ECIR2 of 8 mg plastic well−1 to visualize the data, indicating 

that the ECIR2 is larger than the highest analyzed concentration. The IR 

at the highest non-cytotoxic concentration (across all experiments) is 

also reported. 

Endocrine activity. We used yeast-based reporter-gene assays to 

investigate the induction of agonistic activity at the human estrogen 

receptor α (hERα; Routledge and Sumpter, 1996) and antagonistic ac-

tivity at the human androgen receptor (hAR; Sohoni, 1998). The Yeast 

Estrogen Screen (YES) and the Yeast Antiandrogen Screen (YAAS) were 

performed as previously described with minor modification (Wagner 

and Oehlmann, 2009). In brief, samples were diluted 480-fold in 

medium resulting in a final sample concentration of 3.75 mg plastic 

well−1. Samples that induced ≥ 20% cytotoxicity were excluded and 

re-analyzed in additional 1:2 serial dilutions (lowest concentration: 

PLA 4/Cellulose 2: 7.3 μg plastic well−1, Cellulose 6/7: 234 μg well−1 

and in the YAAS additionally: Bio-PE 1: 469 μg well−1). Additionally, 

further samples with antiandrogenic effects were also diluted in a 1:2 

series (lowest concentration: PLA 5: 7.3 μg plastic well−1, Bio-PE 9/ 

PBAT 1: 234 μg plastic well−1 and PLA 6/Starch 3/Cellulose 1/Bio-PET 

2: 469 μg plastic well−1). Starch 7 and Cellulose 5 were not analyzed in 

dilutions since their sample volume was restricted. 17β-estradiol and 

flutamide served as reference compounds for the YES and YAAS, re-

spectively (Tab. S2, Fig. S3). To determine the antagonistic activity in 

the YAAS, 10 nmol L−1 testosterone, inducing ~75% receptor activa-

tion, was added. The initial cell density was adjusted to formazin at-

tenuation units (FAU) of 25 for the YES and 100 for the YAAS. After 

20 h incubation, we determined the cell density as absorbance at 

595 nm on a Spark 10 M instrument. After transferring 30 μL well−1 to 

a new 96-well plate, 50 μL lacZ buffer containing 1.5 mmol L−1 4- 

methylumbelliferyl β-D-galactopyranoside (MUG, Merck, CAS 

6160–78-7) and 1 mmol L−1 dithiothreitol (Sigma-Aldrich, CAS 

3483–12-3) was added. The fluorescence (excitation: 360 nm, emission: 

465 nm) was determined after 40 min incubation at 30 °C using a Spark 

10 M instrument. We also analyzed all samples for auto-fluorescence 

prior to the MUG addition and did not observe any. In the YES, all 

samples were analyzed in two (exception PLA 3: three, Cellulose 2: 

four) and in the YAAS in two to six independent experiments with eight 

replicates, each. 

Data was processed as previously described to derive the relative 

cytotoxicity as well as relative estrogenic and antiandrogenic activities 

(Völker et al., 2016). The limit of detection (LOD) of each experiment 

was calculated as three times the standard deviation (SD) of pooled 

negative and solvent controls. Effects  >  LOD were considered sig-

nificant. Dose-response relationships for cytotoxicity and relative en-

docrine activity were calculated using a four-parameter logistic func-

tion constrained to bottom level of zero (0% cytotoxicity/activity) and 

for cytotoxicity also a top of 100%. The respective plastic equivalents 

inducing 20% cytotoxicity (EC20) were interpolated from the dose–r-

esponse curves. For the antiandrogenic activity, the EC50 was used. To 

ensure comparability of independent experiments only those experi-

ments were considered in which the dose–response relationship of the 

reference compound had a r2  >  0.9, a minimal relative luminescence 

unit < 4500 and a maximal > 50,000 as well as an EC50 of 

2–30 × 10−11 mol L−1 17β-estradiol (YES) or 1–4.8 × 10−5 mol L−1 

flutamide (YAAS, Tab. S2). The mean EC50 of 17β-estradiol and fluta-

mide analyzed in each experiment (95% confidence intervals) were 

1.26 × 10−10 mol L−1 (0.23–2.29 × 10−10) and 1.88 × 10−5 mol L−1 

(1.21–2.56 × 10−5), respectively. 

2.4. Chemical analysis 

Non-target screening of the chemicals extracted from the samples 

was conducted using ultra-high performance liquid chromatography- 

quadrupole time-of-flight mass spectrometry/mass spectrometry 

(UPLC-QTOF-MS/MS) on a Acquity UPLC Waters Liquid 

Chromatography system (Waters Norge, Oslo, Norway) coupled to a 

SYNAPT G2-S mass spectrometer (Waters Norge, Oslo, Norway) in 

positive ionization mode. Two μL methanol extracts (0.15 mg plastic 

Fig. 1. Toxicological signature of bioplastics and plant-based materials based 

on baseline toxicity (Microtox), oxidative stress response (AREc32) as well as 

estrogenic (YES) and antiandrogenic activities (YAAS). The results are pre-

sented as effect concentrations (EC20, ECIR2), effect levels (EL), relative receptor 

activation/inhibition and EC20 for cytotoxicity (Cyto). Results are presented as 

gradient from 0 (green) to 100% (red). The endocrine activities were used as 

such while the other results were normalized to the lowest and highest effect 

observed for the respective endpoint. For AREc32 ELs, the highest non-cyto-

toxic concentrations (Tab. S4) were used. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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μL−1) were injected onto an Waters C18 guard column coupled to an 

Acquity UPLC BEH C18 column (130 Å, 1.7 μm, 2.1 × 150 mm, Waters) 

with a column temperature of 40 °C. The LC flow rate was 

0.2 mL min−1 using H2O with 0.1% formic acid and methanol with 

0.1% formic acid as mobile phases A and B, respectively. The gradient 

started with 80:20% A:B for 0.5 min, then increased to 40:60% at 

4.5 min and to 0:100% at 35.5 min. 100% B was maintained until 

38.5 min, returned to 20:80% at 39.5 min and equilibrated for 2 min 

prior to the next injection. The heated electrospray ionization source 

(positive mode) had a capillary temperature of 120 °C with a spray 

voltage of 2.5 kV and a sampling cone voltage of 30 V. The desolvation 

gas flow was 800 L h−1. The mass spectrometer was run in full scan 

(50–1200 Da) at a resolution of 20,000 with a data-independent MSE 

Continuum acquisition with a low collision energy (4 eV) and a high 

collision energy ramp (15–45 eV). Each sample was analyzed once. LC 

blanks (methanol) were analyzed approximately after every seventh 

sample to exclude column contamination. We did not analyze Bio-PE 3 

because it contained particulate matter. The mass spectral data of all 

samples can be accessed under DOI: 10.5281/zenodo.4004763. 

2.5. Analysis of chemical data and compound identification 

We used Progenesis QI (version 2.3, Nonlinear Dynamics, Newcastle 

upon Tyne, UK) to analyze the UPLC-QTOF-MS/MS data. In brief, we 

imported all raw data files (blanks and samples), enabled the search for 

common adducts (M + H, M + Na, M + H-H2O, 2 M + Na, 2 M + H, 

M + H-2H2O, M + CH3OH + H, M + 2H) and calibrated the m/z of all 

runs using the internal lock mass of leucine enkephalin (556.2766 m/z). 

We automatically aligned the retention times of all runs and performed 

the peak picking (automatic sensitivity, no predefined peak width). 

We exported the resulting feature list to Microsoft Excel for Mac 

(version 16.35) and compared the maximum raw abundance of each 

feature in the blanks (n = 14) to the raw abundance of the same feature 

in the individual samples. We filtered for features that were not present 

in the blanks but in the sample or had a tenfold higher abundance in the 

sample than in the blank. Based on those results, we identified the ten 

features that had the highest abundance in each sample as well as the 

features that were most prevalent across all samples (present in ≥30 

samples). In addition, we used the features present in at least one 

sample per material to compare the different materials and identify 

those present in more than one material. Using Progenesis QI, we ten-

tatively identified these features by searching all available data sources 

in ChemSpider with a precursor tolerance of 5 ppm, a fragment toler-

ance of 10 ppm and a 50% isotope similarity filter. In addition, we 

performed theoretical fragmentations of the ChemSpider results using 

the MetaScope algorithm. For each feature, we inspected manually at 

least the 25 hits with the highest scores and selected the compound 

identity based on score and plausibility (e.g., by excluding rare ele-

ments or salts and focusing on formulas containing C, H, O, N, only). 

For accepted compounds with a match score > 50, we also performed a 

PubChem search to retrieve additional information on the use and 

functionality. 

2.6. Statistical analysis of bioassay data 

We used GraphPad Prism 5 and 8 (GraphPad Software, San Diego, 

CA) for nonlinear regressions and statistical analyses. To compare two 

treatments, we used unpaired t-tests for parametric and Mann-Whitney 

tests for not normally distributed data. A p  <  0.05 was considered 

statistically significant. We performed cluster analyses to compare the 

toxicological (Microtox EC20, AREc32 ECIR2, and YES/YAAS relative 

activity) and chemical signatures of the samples. For the latter, we 

generated a joint peak list containing the abundances of all masses 

detected in the samples but not in the blanks (see 2.5). We calculated 

the Euclidean distance between samples and clustered them hier-

archically using the “complete linkage” method with the “dist” and 

“hclust” functions in R (RStudio, 2016). 

3. Results

3.1. Baseline toxicity 

The bioluminescence inhibition of Aliivibrio fischeri is an indicator 

for baseline toxicity that is more sensitive than other endpoints for 

unspecific toxicity, such as cytotoxicity in mammalian cells (Neale 

et al., 2012). Two thirds (67%) of the 43 extracts (Fig. 1, S4 and S5, 

Tab. S3) induced baseline toxicity. All cellulose-based and starch-based 

samples as well as the PHA sample inhibited bioluminescence, mostly 

with a high potency (low EC20) and effect level. The bamboo product 

did not have any effect in the Microtox assay. The baseline toxicity 

triggered by the other materials varied with the sample: Six out of ten 

PLA samples, four out of ten Bio-PE as well as one out of two Bio-PET, 

PBS and PBAT samples, each, inhibited the bioluminescence. 

3.2. Oxidative stress response 

In the AREc32 assay, human MCF-7 cells are used to investigate the 

induction of the Nrf2-ARE regulated oxidative stress response (Wang 

et al., 2006). Eighteen out of 43 samples (42%) activated this pathway 

(Fig. 1, S6 and S7, Tab. S4). The Bio-PET 2 extract was most potent 

(ECIR2 = 0.58 mg plastic well−1) and had the highest effect level 

(IR = 64.8), followed by PLA 5 (ECIR2 = 1.12 mg plastic well−1, 

IR = 52.5). In addition, six out of seven cellulose-based, four out of 

eight starch-based, four out of ten Bio-PE, two out of ten PLA and one 

out of two PBS samples activated the oxidative stress response. How-

ever, for most of these samples, effects strongly varied between in-

dependent experiments. For example, we measured the strongest var-

iation for Bio-PE 9 with one replicate having an ECIR2 of 0.54 and 

another of > 7.5 mg plastic well−1. None of the PHA, PBAT, bamboo- 

based samples induced an effect. 

3.3. Endocrine activity 

To investigate whether products contain estrogen receptor agonists 

or androgen receptor antagonists, we analyzed the samples in yeast- 

based reporter gene assays. PLA 3 was the only extract that activated 

the human estrogen receptor α above the LOD (1.56%) with a relative 

activity of 2.49% at 3.75 mg plastic well−1 (Fig. 1, S8, Tab. S5). Four 

samples (PLA 4, Cellulose 2, 6, 7) were cytotoxic and inactive when 

analyzed in dilutions (Fig. S9). Compared to the estrogenicity, the ex-

tracts’ antiandrogenic activity (LOD = 48.6%) was more pronounced, 

with ten out of 43 samples inhibiting the androgen receptor by 49–98% 

at the highest non-cytotoxic concentration (Fig. 1, S10, Tab. S5). Here, 

PBAT 1 (98.0%), Bio-PE 9 (97.4%) and Bio-PE 1 (91.3%) induced the 

strongest effects. Additionally, two PLA, starch and cellulose samples, 

each, as well as one Bio-PET extract were antiandrogenic. We also 

analyzed the dose–response relationships of selected samples that were 

either antiandrogenic or cytotoxic. Here, PBAT 1 and Bio-PE 9 were 

most potent with EC50 values in the YAAS of 0.40 and 0.39 mg material 

extracted, respectively (Fig. S11). 

3.4. Toxicological signatures of plastics 

The toxicological signatures highlight that the chemicals extracted 

from cellulose and starch samples affected most endpoints, especially 

baseline toxicity (Fig. 1). In contrast, the bamboo sample and Bio-PE 

samples contained the lowest toxicity. Nonetheless, four out of ten PE 

samples had an effect in at least one bioassay, with Bio-PE 9 being very 

antiandrogenic. The toxicological signatures of PLA extracts were more 

heterogeneous with PLA 4 and 5 inducing the highest and broadest 

toxicological response. We observed a similarly heterogeneous picture 

for the other materials. For example, Bio-PET, PBS and PBAT 
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comprising one toxic and one non-toxic sample each. 

We performed a cluster analysis to test the hypothesis that the 

material predicts the toxicity of a sample. The samples clustered in four 

main groups (Fig. S12). The group 2 in the tree includes the samples 

with the highest toxicity inducing three endpoints. Here, the effect 

strength was high for at least two and medium for a third endpoint. 

Groups 1 and 3 cover samples that induced a medium toxicity. The 

samples in the first group either affected more endpoints or had a 

higher effect strengths compared to those in the third group. Group 4 

comprises the samples with the lowest toxicity affecting no or one 

endpoint. There was no specific clustering of samples according to their 

material indicating that the polymer type is not predictive for the 

toxicity of these materials. 

3.5. Comparison of raw materials and final products 

To investigate whether final products contain a higher chemical 

toxicity than the raw materials, we pooled the data from the 33 final 

products and the ten pre-production pellets. Across all endpoints, more 

final products induced toxicity compared to the raw materials (Fig. 2). 

For unspecific endpoints, the percentage of final products having an 

effect was double that of raw materials, with 78 vs. 40% of the samples 

inducing baseline toxicity and 48 vs. 20% of samples inducing an oxi-

dative stress response. None of the raw materials contained estrogen- 

like or antiandrogenic chemicals, whereas 30% of the final products 

were antiandrogenic. Regarding the mean effect level, final products 

induced stronger toxicity on all endpoints. However, two raw materials 

induced a baseline toxicity that was as high as that of the most toxic 

final products. 

3.6. Comparison of bioplastics and plant-based materials with conventional 

plastics 

To analyze whether bio-based and/or biodegradable materials 

contain chemicals that are less toxic than those in conventional (pet-

roleum-based, non-biodegradable) plastics, we pooled the data from all 

samples analyzed here and compared it to the data from our previous 

study in which we tested 30 conventional plastics in exactly the same 

way as in the present study (Zimmermann et al., 2019). The proportion 

of samples inducing toxicity was the same for the bio-based/biode-

gradable materials as for the conventional plastics. A slightly higher 

percentage of bioplastics and plant-based materials compared to con-

ventional plastics induced baseline toxicity and a slightly higher per-

centage of conventional plastics had an endocrine activity (Fig. 3). The 

mean effect strengths of bioplastics and plant-based materials were 

comparable with conventional plastics across all endpoints, except for 

estrogenicity which was induced significantly stronger by conventional 

plastic than bio-based/biodegradable materials. However, this differ-

ence was mainly driven by one PVC extract with a relative estrogenic 

activity of 27.1%. 

Comparing petroleum-based plastics with their direct bio-based 

counterparts, for PE a higher number of bio-based samples induced 

oxidative stress. However, it was a petroleum-based PE that was most 

effective (LDPE 4: ECIR2 = 0.48 mg plastic well−1). More bio-based PE 

extracts inhibited the androgen receptor and did so with a higher effi-

ciency (up to 97.4%). Interestingly, none of the five conventional PET 

extracts induced relevant toxicity but one out of the two Bio-PET 

samples did. 

3.7. Chemical features 

In total, we detected 51,677 chemical features across the 14 blanks 

and the 42 samples. Filtering for features that had at least a tenfold 

higher abundance in samples compared to the blanks, resulted in a total 

of 41,395 features in all samples. The individual samples contained 

between 186 and 20,965 features (Tab. 1). Thirty-four samples had > 

1000 features each with Starch 7 (20,965 features), Cellulose 5 

(20,416) and Bio-PE 9 (19,028) containing the highest numbers. On the 

other end of the spectrum, Bio-PE 8 (186), Bio-PE 5 (290) and Bio-PET 

1 (390) contained the least chemical features. 

3.8. Chemical similarity of materials 

We compared the similarity of chemical features within and be-

tween materials. In total, between 5811 and 31,727 different features 

were detected per material (of which at least two products were ana-

lyzed). When investigating whether features were shared among mul-

tiple samples per material, it became clear that most were unique to one 

sample (Fig. 4A). For instance, about half of all features detected in PLA 

and Bio-PE were present in only one but not the other samples of the 

same material. This was less pronounced for starch and cellulose with 

about 30% of all features being unique to one sample per material. 

Here, a higher number of features was detected in multiple samples. For 

instance, 11% of all features were shared by five samples/material. Less 

than 1.1% of all features detected in a material was present in all 

samples of that material, corresponding to 285 features for PLA, 110 for 

starch, 257 for cellulose and 0 for Bio-PE. 

Taking a similar approach to compare the features present across 

Fig. 2. Toxicity of extracts from raw materials (RM, n = 10) compared to final products (P, n = 33) with regards to the percentage of active samples (A) and the 

mean effect strengths for baseline toxicity (B, Microtox), oxidative stress response (C, AREc32), estrogenic (D, YES) and antiandrogenic activity (E, YAAS). It remains 

unknown whether the final products were produced from the analyzed raw materials. Each dot represents one sample and red lines the mean. For D and E, effects are 

shown for 3.75 mg plastic well−1 or, if cytotoxic, for the highest non-cytotoxic concentration (Tab. S5). * p  <  0.05, unpaired Mann-Whitney test for (C) and 

unpaired t-test for (E), dotted lines = highest analyzed concentration (B, C) or limit of detection (D, E). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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different materials, we found that a total of 37 features was present in 

all materials (i.e., in at least one sample per material). Whereas mate-

rials with few features (PHA, bamboo, Bio-PET) shared little chemical 

similarity with the other materials (Fig. 4B), PLA, starch, cellulose, Bio- 

PE, PBS and PBAT shared more than one third of all features. PLA and 

starch, starch and cellulose, starch and Bio-PE as well as cellulose and 

Bio-PE shared at least two thirds of all detected features (each combi-

nation shared > 20,000 features). Further, a cluster analysis using the 

abundance of all features did not return distinct clusters for the mate-

rials (Fig. S13). In some cases, two samples from the same material 

clustered closely, implying similar chemical signatures. However, in 

most cases the similarity between materials was higher than within 

materials. 

3.9. Tentatively identified compounds 

We tentatively identified the most prevalent features across all 

samples (i.e., most often detected) and the most abundant features in 

each sample (i.e., highest intensity). In total, 42 out of the 45 chemical 

features present in at least 30 samples were identified by the MetaScope 

algorithm (Tab. S6). The most prevalent feature (m/z 641.6915, charge 

2+) was detected in 37 samples but remained unidentified. The second 

most prevalent feature (in 35 samples) is a benzofuran carboxylate with 

a relatively high match score. However, upon comparison with the PLA 

oligomers described by Ubeda et al. (2019) this feature appears to be a 

cyclic lactic acid oligomer ((C3H4O2)n with n = 6). Interestingly, two 

other compounds also share spectral similarities with PLA oligomers 

(Tab. S6). Three compounds had a match score  > 50: 4-Amino-6-(2- 

furyl)-2-[2-(4-morpholinyl)-2-oxoethyl]-3(2H)-pyridazinone, (2Z)-4- 

Methyl-2-pentene-2,3,4-tricarboxylic acid and 2,3,4-Tri-O-acetyl-6-O- 

(2-methoxy-2-oxoethyl)-alpha-D-galactopyranose (present in 30 sam-

ples, each). PubChem did not contain any relevant information on the 

origin or use of these chemicals. 

The ten most abundant features per sample comprised 294 different 

features indicating some overlap between samples. Out of these, we 

tentatively identified 271 compounds (Tab. S7). Twenty-six had a score 

Fig. 3. Toxicity of extracts from conventional, petroleum-based (Con, n = 30) compared to bioplastics and plant-based materials (Bio, n = 43) with regards to the 

percentage of active samples (A) and the mean effect strengths for baseline toxicity (B, Microtox), oxidative stress response (C, AREc32), estrogenic (D, YES) and 

antiandrogenic activity (E, YAAS). Each dot represents one sample and red lines the mean. For D and E, effects are shown for 3.75 mg plastic well−1 or, if cytotoxic, 

for the highest non-cytotoxic concentration (Tab. S5). * p  <  0.05, unpaired Mann-Whitney test, dotted lines = highest analyzed concentration. Toxicity data for 

conventional materials are taken from Zimmermann et al. (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 4. Number of chemical features plotted according to the number of samples per material it is detected in (A) and number of features shared between materials 

(B). In B, features are considered that have been detected in at least one sample per material (sum given as # feat.). The lower left section represents the number of 

shared features, the upper right section their percentage of all features detected in the combination of materials. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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of > 50, including N,N'-1,4-Butanediyldihexadecanamide (used as 

plasticizer and in coatings/paints), 2-Ethoxyethyl hexadecyl (2E)-2- 

butenedioate (a fumaric acid that may be used as monomer; ECHA, 

2020), 2,2′-(Tridecylimino)diethanol (CAS 18312-57-7, a surface active 

agent that migrates from PP packaging; Aznar et al., 2012). Some of the 

remaining compounds may be of natural origin (microbial, fungal or 

plant) but did not have relevant information regarding their origin/use 

or their identification was implausible. Other notable compounds with 

a lower match score are the lubricant and plastic additive N,N'-ethy-

lenebis(palmitamide) (CAS 5518-18-3, detected in PLA; NCBI, 2020), 

the NIAS 1,6,13,18-tetraoxacyclotetracosane-2,5,14,17-tetrone (CAS 

141850-18-2, detected in PLA, starch, Bio-PE and PBAT), the plastic 

additive erucamide (CAS 112-84-5, detected in starch, cellulose and 

Bio-PE), the antioxidant Irganox 1076 (CAS 2082-79-3, in Bio-PE), and 

the antioxidant degradation product tris(2-nonylphenyl) phosphate 

(CAS 26569-53-9, in Bio-PE). Interestingly, some of the top 10 com-

pounds were not unique to one but also detected in other samples in 

high abundances including ones made of different materials (Tab. S7). 

As in case of the most prevalent features, some of the top 10 abundant 

features in PLA shared similarities with PLA oligomers. Four of those 

were probably cyclic lactic acid oligomers with n = 6–9 based on their 

mass spectra (Ubeda et al., 2019). 

Regarding the features that were present in all material types, we 

tentatively identified 30 out of the 37 (Tab. S8). The seven features with 

a match of  >  50% were 3-Pyridinylmethyl {4-[5-({4-[2-(4-morpho-

linyl)ethoxy]benzoyl}amino)-1H-pyrazol-3-yl]benzyl}carbamate, 1- 

(Bicyclo[2.2.1]hept-2-yl)-3-(3-chloro-4-pyridinyl)acetone, methyl 

(2E,4E,6S,8E,13R)-13-acetoxy-6-hydroxy-2,4,8-tetradecatrienoate, N- 

[4-(2-Furyl)-4-hydroxy-2-butanyl]-1-(3-methylbutyl)-1H-1,2,3-triazole- 

4-carboxamide, S-[(2E,6E)-3,7,11-Trimethyl-2,6,10-dodecatrien-1-yl]

methanesulfonothioate, 1-[4-Hydrazino-6-(1H-1,2,4-triazol-1-yl)-1,3,5-

triazin-2-yl]-3-pyrrolidinecarboxamide and (2S,3R,4S,5S,6R)-3,4,5-

Trihydroxy-6-(hydroxymethyl)-2-[4-(hydroxymethyl)-1H-1,2,3-triazol-

1-yl]tetrahydro-2H-pyran-2-carboxamide. PubChem did not contain

any relevant information regarding their origin, function or use.

Interestingly, the tentatively identified compounds did not include per- 

and polyfluoroalkyl substances (PFAS).

4. Discussion

4.1. Bioplastics and plant-based materials contain chemicals inducing in 

vitro toxicity 

Bioplastics and plant-based materials are promoted as more sus-

tainable alternative to conventional, petroleum-based non-biodegrad-

able plastics (Lambert and Wagner, 2017). However, currently we do 

not know whether they also represent a safer alternative with regards to 

the chemicals they contain, including the hazard and human exposure 

to these compounds. While knowledge on both is required to arrive at a 

risk-based assessment, we focus on the toxicity in this study. We ex-

tracted the materials as a worst-case scenario to generate first insights 

into the hazard of the mixture of extractable compounds. Using this 

approach, we demonstrate that out of the 43 products 29 contained 

chemicals that induced baseline toxicity, 18 that induced oxidative 

stress, 10 antiandrogenicity and one estrogenicity. This demonstrates 

that a range of bio-based and/or biodegradable materials, most of them 

used as FCMs, contain chemicals that are toxic in vitro. While we cannot 

rule out the presence of nano- and microplastics in the samples, their 

concentration would have been low due to the dilution in the bioassays. 

Thus, we believe that the observed toxicities are largely caused by the 

extracted chemicals. 

While a systematic assessment is currently missing, previous re-

search also reported in vitro toxicity of bioplastics and other bio-based 

materials. As an example, cellulose-based materials induced cytotoxi-

city in mouse fibroblasts (Dang et al., 1996). Up to date, research has 

mainly focused on the unspecific toxicity of PLA. Accordingly, 

chemicals leaching from different PLA materials used for medical im-

plants inhibited bacterial bioluminescence (Ramot et al., 2016; Taylor 

et al., 1994) whereas migrates of PLA-clay nanocomposites used in food 

packaging were not cytotoxic in human cell lines (Maisanaba et al., 

2014). This product-dependent variation of toxicity, even if made of the 

same material type, corresponds to our findings. For instance, a coffee 

capsule (PLA 5) but not a single-use bottle (PLA 7) induced in vitro

toxicity. 

Since bioplastics and plant-based materials are often applied in 

agriculture and horticulture (European Bioplastics, 2018), many studies 

investigate their in vivo toxicity, especially with regards to terrestrial 

ecosystems. Here, aqueous extracts of pure PLA and PLA-nanoclay in-

duced genotoxicity in the onion Allium cepa (Souza et al., 2013). Phy-

totoxic effects were also observed for leachates of starch-based bags 

affecting plant germination (Balestri et al., 2019) or whole costal dune 

vegetations (Menicagli et al., 2019). Studies comparing different ma-

terials indicated a material-dependent toxicity of biodegradable mate-

rials used in agriculture in plants (Serrano-Ruíz et al., 2018) and soil 

bacteria (Adhikari et al., 2016). For instance, PLA but not PBS and PBS- 

starch affected nitrogen circulation activity of soil bacteria (Adhikari 

et al., 2016). Studies on the toxicity of polyhydroxybutyrate-based 

materials (PHB) are currently limited to freshwater species. PHB and 

PBAT leachates reduced the survival of Daphnia magna already after 

48 h of exposure (Göttermann et al., 2015). 

While previous reports are sporadic and predominately focus on 

PLA, our results imply that chemicals inducing unspecific toxicity are 

prevalent in all types of bio-based and/or biodegradable products, 

especially in those made of the natural polymers starch and cellulose. 

Our results also indicate that these materials contain endocrine dis-

rupting chemicals, with antiandrogenicity being more frequent and 

potent than estrogenicity. These finding, along with the absence of 

systematic research, stress that analyzing the chemical toxicity of bio-

plastics and plant-based materials, especially of materials other than 

PLA, should be prioritized in future research. This can be achieved by 

combining bioassays with analytical chemistry (Bergmann et al., 2020; 

Groh and Muncke, 2017; Veyrand et al., 2017) and embedded in a 

green chemistry approach that aims in avoiding the use and generation 

of hazardous substances. As an example, Bandyopadhyay-Ghosh et al. 

(2018) synthesized a novel polysaccharide biopolymer that did not 

induce baseline toxicity or genotoxicity. 

4.2. Bioplastics and plant-based materials contain a complex mixture of 

chemicals 

Using a non-target screening with UPLC-QTOF-MS, we detected 

41,395 chemical features across 42 samples and 186–20,965 features in 

the individual samples. While products made of starch and cellulose 

contained the highest number of features (typically  >  10,000), the 

number of substances generally varied from product to product. Most 

samples (80%) contained more than 1000 chemical features, illus-

trating the large number and variety of low molecular weight chemicals 

present in bio-based and/or biodegradable products. 

Only few other studies apply non-target analysis to examine com-

pounds in conventional plastics or their “biological” counterparts and 

the number of detected features is hardly ever reported. As an excep-

tion, Aznar et al. (2019) detected 37 non-volatile chemicals in pellets 

and films made from a PLA/Bio-PE blend using UPLC-QTOF-MS. 

Bradley (2010) performed a more comprehensive migration study of 13 

starch, cellulose, PLA, cassava and bagasse samples and detected up to 

32 and 29 compounds using GC-MS and LC-TOF-MS, respectively. 

Using other instruments and settings, those studies cannot directly be 

compared to ours. Thus, we probably detected more compounds be-

cause we used a different data analysis strategy and considered all 

features present in the samples with an at least 10-fold higher abun-

dance than in the blanks. Furthermore, the choice of extraction tech-

nique (e.g., type of solvent, temperature and duration) will affect the 
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composition of detected chemicals. 

In any case, our results clearly show that bioplastics and similar 

plastic alternatives contain a strikingly high number and variety of 

chemicals. While not all of these are relevant for human exposure or the 

environment, this highlights the challenges we face when aiming to 

assess the chemical composition and safety of plastics and other syn-

thetic materials, especially when dealing with FCMs (Muncke et al., 

2020). 

4.3. Chemicals present in bioplastics and plant-based materials 

As the non-target analysis resulted in a large number of chemical 

features, we focused on identifying the compounds that were most 

prevalent across samples and materials as well as the ten compounds 

with the highest abundance in individual samples. The in silico frag-

mentation of all corresponding candidates from PubChem resulted in 

the tentative identification of circa 94% of these chemical features. 

While this appears promising, care should be taken when interpreting 

the results. As an example, some of the most prevalent and abundant 

features in PLA were probably oligomers of lactic acid (Ubeda et al., 

2019) and not the compounds identified by the MetaScope algorithm. 

Likewise, some of the features were identified as pharmaceuticals or 

natural products which we do not expect to occur in our samples. This 

highlights the challenges of unknown analysis: General chemical da-

tabases often do not cover chemicals used in the manufacture of (semi) 

synthetic polymers making a query of empirical or theoretical spectra 

difficult. 

These limitations notwithstanding, we tentatively identified a range 

of plausible compounds in bioplastics and plant-based materials. We 

found a number of plastic additives, including butanediyldihex-

adecanamide, ethylenebis(palmitamide), erucamide and Irganox 1076 

as well as NIAS, including tetraoxacyclotetracosane-tetrone, a migrate 

from PE packaging (Sage et al., 2018) that is very similar to a NIAS 

found in biodegradable packaging (Canellas et al., 2015) and tris(2- 

nonylphenyl) phosphate (in Bio-PE) which is a degradation product of 

the antioxidant tris(nonylphenyl) phosphite (TNPP) and has been de-

tected in PE (Celiz et al., 2020). 

While this creates some confidence in our identification approach, 

the need to improve databases and workflows cannot be overstated. 

This is important because (1) we know even less about the chemical 

composition of starch-, cellulose- and other plant-based materials than 

bioplastics and (2) manually curating the identification of thousands of 

features is not feasible. To overcome these challenges, we need to de-

velop community-sourced spectral databases (as in case of environ-

mental pollutants, e.g., NORMAN network) and suspect lists (as for 

plastic food packaging; Groh et al., 2019). 

4.4. Some materials contain more toxic chemicals than others 

Based on our results, the chemicals present in the products made of 

the natural polymers starch and cellulose were toxic on most endpoints. 

All starch and cellulose products induced baseline toxicity and many 

contained antiandrogenic compounds. This indicates that the chemicals 

used in these materials trigger a stronger in vitro toxicity than others. 

Nevertheless, some extracts of PLA and Bio-PE as well as of the mate-

rials of which we analyzed only few samples (PHA, Bamboo, Bio-PET, 

PBS and PBAT) also induced a range of toxicological endpoints, 

whereas others did not. Here, a generalization, in such that individual 

materials would induce a specific toxicological signature, is not pos-

sible. Instead, the toxicity of these products rather depends on their 

individual chemical composition. This is supported by our cluster 

analysis and mirrors our findings on conventional plastics 

(Zimmermann et al., 2019). Accordingly, we are facing a similar het-

erogeneity in terms of toxicity in conventional plastics and bio-based/ 

biodegradable materials alike. 

On a more positive note, six out of ten Bio-PE products did not 

contain toxic chemicals. This implies that bio-based PE formulations are 

available on the market not containing the substances that induced in

vitro toxicity. Again, this corresponds to our previous findings on pro-

ducts made of conventional PE (Zimmermann et al., 2019). Here, half of 

the products were nontoxic in the same bioassays. This is plausible 

because changing the carbon source of the monomers will only mini-

mally change the chemical composition of the polymer. While some 

impurities may be different, the reaction by-products and additives will 

remain the same. Accordingly, shifting from petroleum- to plant-based 

monomers will probably not affect the toxicity present in the finished 

material. Such considerations may, however, not apply to Bio-PET. 

While we did not detect any relevant toxicity in conventional PET 

(Zimmermann et al., 2019), one of the two Bio-PET samples induced 

baseline toxicity, triggered an oxidative stress response and was anti-

androgenic. Whether this is caused by chemicals specifically used in 

bio-based PET formulations remains to be investigated. 

4.5. Raw materials are less toxic than final products 

Across all analyzed endpoints, toxic chemicals were less prevalent 

and potent in raw materials than in final products. Due to a lack of 

product information, we do not know whether the analyzed raw ma-

terials correspond to the final products. Still, our results indicate that 

during the conversion of the raw material to the finished product 

(compounding) new substances are added or generated. This hypothesis 

is supported by the number of chemical features we observed. Here, we 

detected overall fewer chemical features in raw materials than in final 

products of the same material (Tab. 1). As an example, Bio-PE pellets 4 

and 8 contained 819 and 186 chemical features, respectively, whereas 

all but one analyzed Bio-PE product contained more than 900 features. 

In contrast, the extrusion of bioplastic pellets to a film did not generate 

new compounds (Aznar et al., 2019). Here, studies analyzing the toxi-

city of the same raw material and the corresponding finished products 

can help clarify this question. 

4.6. Bioplastics and plant-based materials are not safer than conventional 

plastics 

In our previous work, we analyzed mainly petroleum-based plastics 

and found toxicity in 67% of the conventional plastics (Zimmermann 

et al., 2019). Since their bio-based and/or biodegradable counterparts 

are promoted as sustainable alternatives, we were interested in whether 

they are indeed safer from a chemical perspective, that is whether they 

contain less toxic chemicals. Just as for conventional plastics, we de-

tected in vitro toxicity in 67% of the bio-based/biodegradable samples 

using the same bioassays. There were even more bioplastics and plant- 

based materials than conventional products that triggered baseline 

toxicity. Regarding effect levels, we detected no significant differences 

for all toxicological endpoints except for estrogenicity which was less 

pronounced in bio-based/biodegradable products. To the best of our 

knowledge, there is no other study that compares the in vitro toxicity of 

conventional plastics and the bio-based/biodegradable alternatives. 

However, reports on the phytotoxicity indicate that both, starch-based 

and HDPE bags, released compounds that impaired seedling growth and 

plant interactions (Balestri et al., 2019; Menicagli et al., 2019). Thus, in 

this scenario, the chemicals present in natural and synthetic polymers 

induced a comparable chemical toxicity. 

Importantly, the performance and sustainability of bioplastics and 

plant-based materials cannot be evaluated based on toxicity alone. 

Here, other environmental (e.g., land and pesticide use, greenhouse gas 

emissions) and societal impacts (e.g., competition with food produc-

tion) also need to be taken into account. As life cycle assessments and 

similar frameworks tend to focus on the latter aspects, an evaluation of 

the environmental performance and safety of new materials needs to 

expand to the release of chemicals and particles (e.g., nanoplastics) as 

well (Ernstoff et al., 2019; Muncke et al., 2020). Only when taking such 
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holistic view can we “design out” negative properties without getting 

caught in a loop of regrettable substitutions. 

5. Conclusions

In this study, we combined in vitro bioassays with high resolution 

non-target mass spectrometry to characterize the toxicity and chemical 

composition of bio-based and biodegradable materials. Our results in-

dicate that the majority (67%) of bioplastics and plant-based products 

contain toxic chemicals as well as a large number and diversity of 

compounds (> 1000 chemical features each in 80% of the samples). 

Importantly, we applied solvent extraction in order to analyze the in-

trinsic chemical toxicity present in the products. In future work, mi-

gration studies with food simulants are needed in order to identify the 

toxicity and chemicals migrating under real-world conditions and to 

estimate the human exposure to those. 

Our study demonstrates that bio-based and/or biodegradable ma-

terials available on the market are just as toxic as conventional plastics 

with regards to the chemicals they contain. This highlights that the 

positive connotation of “biological” or “sustainable” materials does not 

extend to chemical hazards. Accordingly, our findings imply that in 

order to develop bio-based/biodegradable materials that indeed out-

perform conventional plastics, sustainability and chemical safety as-

pects must be addressed alike. One way to promote this is to integrate 

chemical toxicity into the life cycle assessment of materials. 

On a positive note, we show that safer products are already at the 

market that can be used as best practice examples. Additionally, the 

chemical safety of materials can be further optimized using green 

chemistry to “design out” toxicity during the development of new bio- 

based and biodegradable materials. Besides these human health as-

pects, the carbon, energy, water and land footprints need to be mini-

mized to create truly better plastics or plastic alternatives and avoid 

regrettable substitutions. 
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a b s t r a c t

Given the ubiquitous presence of microplastics in aquatic environments, an evaluation of their toxicity is
essential. Microplastics are a heterogeneous set of materials that differ not only in particle properties, like
size and shape, but also in chemical composition, including polymers, additives and side products. Thus
far, it remains unknown whether the plastic chemicals or the particle itself are the driving factor for
microplastic toxicity. To address this question, we exposed Daphnia magna for 21 days to irregular
polyvinyl chloride (PVC), polyurethane (PUR) and polylactic acid (PLA) microplastics as well as to natural
kaolin particles in high concentrations (10, 50, 100, 500 mg/L, � 59 mm) and different exposure scenarios,
including microplastics and microplastics without extractable chemicals as well as the extracted and
migrating chemicals alone. All three microplastic types negatively affected the life-history of D. magna.
However, this toxicity depended on the endpoint and the material. While PVC had the largest effect on
reproduction, PLA reduced survival most effectively. The latter indicates that bio-based and biodegrad-
able plastics can be as toxic as their conventional counterparts. The natural particle kaolin was less toxic
than microplastics when comparing numerical concentrations. Importantly, the contribution of plastic
chemicals to the toxicity was also plastic type-specific. While we can attribute effects of PVC to the
chemicals used in the material, effects of PUR and PLA plastics were induced by the mere particle. Our
study demonstrates that plastic chemicals can drive microplastic toxicity. This highlights the importance
of considering the individual chemical composition of plastics when assessing their environmental risks.
Our results suggest that less studied polymer types, like PVC and PUR, as well as bioplastics are of
particular toxicological relevance and should get a higher priority in ecotoxicological studies.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Microplastics are ubiquitous in natural environments and
experimental studies have shown that they can induce awide range
of negative impacts in marine and freshwater species across the
animal kingdom (S�a et al., 2018; Triebskorn et al., 2019). However,
the evaluation of toxicity is complicated by the fact that micro-
plastics are not one homogenous entity (Lambert et al., 2017). They
originate from many different product types, are composed of
various polymers, chemical additives and side products and differ

in particle properties (Rochman et al., 2019). Up to date, few studies
have addressed this heterogeneity of materials from a comparative
perspective. As an example, the effects of mostly spherical micro-
plastics are investigated. In contrast, irregular fragments and fibers
originating from abrasion and fragmentation of plastic products
(secondary microplastics) are predominant in the environment but
less frequently considered (Burns and Boxall, 2018). At the same
time, irregular microplastics might be more toxic than their
spherical counterparts, for instance in terms of acute (Frydkjær
et al., 2017) and chronic effects in daphnids (Ogonowski et al.,
2016). In addition, research focuses only on few polymer types,
most often on polystyrene (PS) and polyethylene (PE) particles,
disregarding other polymer types of high production and con-
sumption, such as polypropylene (PP) and polyvinyl chloride (PVC;
PlasticsEurope, 2015; S�a et al., 2018). However, the toxicity of
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microplastics may also depend on the polymer type or on the
chemicals that a plastic product, and therefore its fragments,
contain (Renzi et al., 2019). One single plastic product can contain
hundreds of chemicals (Zimmermann et al., 2019). These include
additives like antioxidants, flame retardants, plasticizers and col-
orants as well as residual monomers and oligomers, side-products
of polymerization and compounding and impurities (Muncke,
2009). Most of them are bound to the polymer matrix only via
weak van der Waals forces and, therefore, can leach into the sur-
rounding environment and become available for aquatic organisms
(Andrady, 2011; Oehlmann et al., 2009). Once taken up, these
plastic chemicals can entail negative impacts. For instance, aqueous
leachates from epoxy resin or PVC plastic products induced acute
toxicity in Daphnia magna (Lithner et al., 2012). Still, studies on the
contribution of plastic chemicals to microplastic toxicity are scarce.

Thus, our study aims to elucidatewhether the chemicals present
in plastics contribute to microplastic toxicity in the well-studied
model organism D. magna. We produced irregular microplastics
from three polymer types that are less frequently studied, including
polyurethane (PUR) and polyvinyl chloride (PVC) that often contain
high amounts of chemicals (Zimmermann et al., 2019) as well as the
bio-based, biodegradable polylactic acid (PLA). We also included
kaolin particles as a reference to evaluatewhethermicroplastics are
more toxic than natural particles. Since our aimwas to compare the
contribution of plastic chemicals and particles to the toxicity, we
used high concentrations that are not environmentally relevant but
induced adverse effects. First, we compared the effects of all
microplastic types on mortality, reproductive output, timing of
reproduction and body lengths of D. magna in a chronic exposure
experiment. In a second experiment, we evaluatedwhether plastics
chemicals contribute to microplastic toxicity. For this, we studied
the effects of untreatedmicroplastics andmicroplastics fromwhich
we removed the extractable chemicals as well as the extractable
chemicals (worst-case scenario) and the chemicals migrating into
water (realistic scenario), alone.

2. Materials & methods

2.1. Test materials

We purchased a floor covering, a scouring pad and a shampoo
bottle in local retailer stores to produce irregular microplastics. The
products are made of petroleum-based PVC and PUR as well as the
bio-based and biodegradable PLA. These materials were selected
based on our previous results in the Microtox assay (Zimmermann
et al., 2019). In the assay the inhibition of bioluminescence of the
bacterium A. fischeri indicates baseline toxicity. Since the latter
generally correlates well with toxicity in D. magna (Kaiser, 1998),
we chose products that induced a high baseline toxicity in the
Microtox assay (Zimmermann et al., 2019, PVC corresponds to PVC
4, PUR to PUR 1, PLA to PLA 3). In our previous study, we confirmed
the polymer types using Fourier-transform infrared spectroscopy
and characterized the chemicals present in the products by per-
forming non-target, high-resolution gas chromatography�mass
spectrometry.

2.2. Production of microplastics

Whenever feasible, we used glass consumables to avoid sample
contamination, rinsed all materials twice with acetone (pico-grade,
LGC Standards) and annealed glass items at 200 �C for �3 h. The
content was removed from packaging samples and the products
were rinsed thoroughly with ultrapurewater until all residues were
removed. Plastic items were cut into small pieces (~0.5 cm2), frozen
in liquid nitrogen and ground in a ball mill (Retsch MM400, Retsch

GmbH, Germany) at 30 Hz for 1 min. The process of freezing and
grinding was repeated 6e10 times to produce sufficient amounts of
plastic powder. The plastic powder and kaolin (~Al2Si2O5(OH)4, CAS
1332-58-7, Merck, Darmstadt, Germany) were sieved to�59 mm for
particle characterization and the experiments. To this end, poly-
ester mesh (RCT Reichelt Chemie Technik GmbH þ Co, Heidelberg,
Germany) with respective mesh sizes were fixed horizontally in a
custom-made sieving device that was mounted on a sediment
shaker (Retsch AS 200 basic, Retsch GmbH, Germany) and was
shaken at 80e100 Hz for 10 min. With a size of �59 mm all particles
are in a size range which can be ingested by D. magna (Burns, 1968).

2.3. Preparation and characterization of stock suspensions

We prepared microplastic stocks by suspending between 0.2
and 500 mg of particles/L Elendt M4 medium (Elendt and Bias,
1990) and shaking it at 80 rpm for �24 h (GFL-Kreis-Schüttler
3017, Gesellschaft für Labortechnik GmbH, Burgwedel, Germany).
We used mass-based concentrations, because we aimed at
comparing the toxicity of the chemicals present in the different
plastics based on the same mass, not particle number. The corre-
sponding numerical particle concentrations and size distributions
were also determined using a Coulter counter (Multisizer 3, Beck-
man Coulter, Germany; orifice tube with 100 and/or 400 aperture
diameter for a particle size range of 2.0e60 mm and 8.0e240 mm,
respectively). For this, 1.0e2.5 mL of the particle suspension were
taken from the middle of the exposure vessel or flask (continuously
stirred) and transferred immediately to the Coulter counter me-
dium (100 mL sterile-filtrated 0.98% sodium chloride, continuously
stirred). In addition to the samples, we also analyzed the pure so-
dium chloride as a blank and the Elendt M4 medium as
microplastic-free control medium. The kaolin particles were
treated identically like themicroplastics. All samples were analyzed
in three to ten replicates. The blank corresponding to each mea-
surement was analyzed in triplicates.

2.4. Microplastic characterization

For an initial characterization and comparison of our micro-
plastics regarding size distribution, shape, surface morphology and
behavior in suspension, we prepared suspensions with 0.2, 2.0,
20.0, 60.0 (not measured for PLA and kaolin), 100 and 500 mg
microplastics or kaolin/L Elendt M4 medium. We determined par-
ticle size distributions (Fig. S1) as well as numerical particle con-
centrations using a Coulter counter (see 2.3.). From the latter, we
obtained calibration curves by linear regression for mass (mg) vs.
numerical particle concentration/L for each plastic type. We cor-
rected the latter for the mean particle concentration in the
respective control measurement (microplastic-free Elendt M4
medium; Fig. S2). In order to assess particle shape and surface
morphology, we took images with a Hitachi S-4500 scanning
electron microscope (SEM; Fig. 1). Additionally, stock suspension
containing 500 mg microplastics or kaolin/L were visually exam-
ined for the distribution of particles in the water column and for
agglomeration immediately after shaking and after resting for two
and seven days.

2.5. Culture of test organism Daphnia magna

D. magna were obtained from IBACON GmbH (Rossdorf, Ger-
many). Ten individuals were cultured in 1 L of Elendt M4 medium
(Elendt and Bias, 1990) at a constant temperature of 20 ± 1 �C and a
photo-period of 16:8 h light:dark for approximately 28 days. Ju-
veniles were removed thrice a week and daphnids were fed with a
suspension of live green algae (Desmodesmus subspicatus), cultured
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according to OECD guideline (OECD, 2012) supplying 0.15 mg car-
bon per individual per day. Once a week, the medium was
completely renewed.

2.6. Chronic toxicity of microplastics on Daphnia magna

Prior to toxicity experiments, we evaluated qualitatively
whether D. magna ingests PVC, PUR and PLAmicroplastics. PVC and
PLA particles were stained with Nile red (CAS 7385-67-3, reinst;
Carl Roth GmbH þ Co. KG, Karlsruhe, Germany) for visualization
adapting the method of Erni-Cassola et al. (2017). Six starved in-
dividuals which were 6 d old were exposed to a 250 mg/L micro-
plastic suspension at culturing conditions. After 24 h, we analyzed
ingestion using an Olympus BX50 fluorescence microscope
(Olympus Europa SE & Co. KG, Hamburg, Germany).

To analyze and compare the effects of microplastics and kaolin
particles, we conducted chronic exposure experiments with
D. magna according to OECD guideline 211 (OECD, 2012). In brief,
neonates (<24 h old) of the third or fourth brood were exposed
individually for 21 d in 100 mL glass beakers containing 50 mL
Elendt M4 medium. Microplastic suspensions were prepared as
stocks and continuously stirred during the transfer to the test
vessels. After dilution with Elendt M4 medium to the desired
exposure concentrations of 10, 50, 100 and 500 mg/L, we deter-
mined the size distributions (see 2.3) and the numerical particle
concentrations corrected for the mean particle concentration in the
control (Elendt M4 medium, Table S1). We selected such high
concentrations because they induced adverse effects in D. magna in

previous experiments conducted in our laboratory (unpublished
data). We used 10 replicates per treatment and 20 negative controls
(NC) in each experiment. Experiments were conducted at a 16:8 h
light:dark cycle at 20 ± 1 �C and beakers were covered with watch
glasses to reduce evaporation. Animals were fed daily with
D. subspicatus according to OECD guideline 211 (OECD, 2012) and
the test medium was completely renewed thrice a week by trans-
ferring the daphnids into new vessels. Each day, we recorded the
mortality of adult daphnids (15 s immobility after agitation; OECD,
2004) and their reproductive output (number of neonates per fe-
male). We also recorded the day of first brood (timing of repro-
duction) and the total number of live offspring for each surviving
parent organisms throughout the experiment. Surviving adults
were preserved in 70% ethanol. Their size was determined using a
stereo microscope (Olympus SZ61, Olympus GmbH, Germany) and
the software Diskus (version 4.50.1458) by measuring the distance
between the center of the eye and the base of the apical spinus
(Ogonowski et al., 2016). We observed that eight out of 180 in-
dividuals, randomly distributed across all treatments, had >40%
lower body length compared to the other animals and did not
reproduce. We sexed these animals according to Mitchell (2001)
and identified them as females. Microplastic concentrations
reducing the reproduction by 50% compared to the negative control
(EC50Repro) were used in the second experiment (2.7.). We excluded
the smaller individuals mentioned above from the calculation of
the EC50Repro because we could not estimate an EC50 when they
were included.

Fig. 1. Scanning electron microscope (SEM) images of kaolin as well as PVC, PUR and PLA microplastics (300 � magnification).
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2.7. Contribution of plastic chemicals to microplastic toxicity

In order to analyze whether the chemicals present in and
leaching from plastics induce the observed effects, we conducted a
second chronic exposure experiment with D. magna. Generally, the
setup and endpoints were identical as before (2.6.) but in this
second experiment daphnids were exposed to four treatments
reflecting four exposure scenarios (Fig. 2):

(1) PVC, PUR and PLA microplastics containing all chemicals
(MP).

(2) PVC, PUR and PLA microplastics extracted with methanol.
Thus, they do not contain extractable chemicals (eMP).

(3) The corresponding plastic extracts (E) containing all chem-
icals that can be extracted with methanol. The extracts
represent a worst-case scenario because extraction with an
organic solvent will release most of the chemicals present in
the material.

(4) Plastic migrates (M) containing the chemicals released from
PVC, PUR and PLA microplastics into the water, thus, repre-
senting a more realistic scenario.

For preparing the suspensions (MP, eMP) and leachates (E, M) of
eachmicroplastic type, we used the respectivemass concentrations

that reduced reproduction by half in the first experiment (EC50Repro,
PVC: 45.5 mg/L, PUR: 236mg/L, PLA: 122mg/L). This means that for
each microplastic type, suspensions for scenario 1 and 2 were
prepared using the same mass concentrations. Scenarios 3 and 4
contained the chemicals extracted or migrating from the very same
mass to ensure comparability. Specifically, the suspensions and
leachates for the four exposure scenarios were prepared as follows:

(1) MP stock suspensions were prepared as described in 2.3.
(2 þ 3) Extracted microplastics and the extracts were produced

by weighing microplastics in amber glass vials and adding 13.5 mL
methanol (99.9% LC-grade, Sigma-Aldrich, exception PUR: 16.5 mL).
We selected methanol as solvent because it does not dissolve the
polymers. After sonication in an ultrasound bath for 1 h at room
temperature, the suspensions were vacuum-filtrated over a poly-
ethersulfonemembrane (pore size: 1 mm, Sartorius Biolab Products,
Satorius Stedim Biotech GmbH, Goettingen, Germany) pre-
calibrated with methanol to separate the extract from the extrac-
ted particles. The extracted particles were dried at 30 �C for 24 h,
the dry weight was recorded and eMP stock suspensions were
prepared as described in 2.3. The extracts were transferred into
clean glass vials and dimethyl sulfoxide (DMSO, Uvasol, Merck) was
added as a keeper. The volume of DMSO was dependent on the
recovered extract volume to adjust to the plastic concentrations
corresponding to the EC50Repro used in scenarios 1 and 2. Extracts
were evaporated under a gentle stream of nitrogen and stored
at �20 �C prior to use. Exposure vessels were spiked with 5 ml
extract.

(4) Migrates were prepared by suspending microplastic masses
corresponding to the EC50Repro used in scenarios 1 and 2 in 5.5 L
Elendt M4medium 48 h before the start of the experiment. Directly
prior to the initial set up of the experiment as well as each medium
renewal, 500 mL of that migrate suspensions were filtrated over a
polyethersulfone membrane with a pore size of 1 mm to remove the
particles and 50 mL aqueous migrate were transferred into each
test vessel. In that way, the migration of chemicals proceeded in
parallel to the experiment.

In order to exclude effects of the solvent or a potential
contamination, we included a solvent control (DMSO only) and
procedural blanks of the extraction (PB E) and the migration (PB M)
consisting of Elendt M4 media treated identically as the plastic
extracts and migrates, respectively.

2.8. Data analysis

We used GraphPad Prism 5 (GraphPad Software, San Diego, CA)
for regressions and statistical analyses. Continuous life-history data
were checked for normal distribution (D’Agostino-Pearson tests for
n � 8 or Kolmogorov-Smirnov tests for n ¼ 5e7). Since all data was
not normally distributed, we used non-parametric Kruskal-Wallis
with Dunn’s multiple comparison post-test to assess differences
between treatments and negative controls. Fisher’s exact test was
applied for categorical data. The significance level was set at
p < 0.05. The 10% and 50% effect concentrations (EC10 and EC50) for
reproduction were determined using a four-parameter logistic
model and were compared using the extra sum-of-squares F test.
We indicate the F value together with the degrees of freedom
numerator (DFn) and denominator (DFd). Since solvent control
(DMSO), extraction (PB E) and migration (PB M) procedural blanks
did not differ significantly from the negative control, we pooled all
controls (C).

Fig. 2. Setup of the second experiment. Daphnids were exposed to four treatments of
PVC, PUR and PLA: (1, MP) untreated microplastics containing all chemicals, (2, eMP)
microplastics without extractable chemicals, (3, E) plastic extracts containing all
extractable chemicals and (4, M) plastic migrates containing the chemicals released
from microplastics into water (M). We included a negative control (NC), a solvent
control (DMSO) and procedural blanks of the extraction (PB E) and migration (PB M)
consisting of Elendt M4 media treated identically as the plastic extracts and migrates,
respectively.
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3. Results

3.1. Characterization of microplastics

To characterize the microplastics and kaolin used in our study,
we compared the numerical particle concentrations at identical
mass concentrations, the size distributions, shapes and surface
morphology as well as behavior in suspension prior to experiments.
For the highest mass-based concentration (500 mg/L), the numer-
ical concentrations were 8.38 � 107 particles/L (PUR), 1.35 � 108

particles/L (PVC) and 2.08 � 108 particles/L (PLA, Fig. S2). Thus, the
PLA suspension contained 1.6 times more particles than the PVC
suspension and 2.5 times more than the PUR suspension. While at
100 mg/L, the numerical concentrations of all microplastics were
very similar and only differed by a maximum factor of 1.2, the
differences increased again towards lower mass concentrations.
Correspondingly, at the lowest mass-based concentration (0.2 mg/
L), numerical concentration were 3.77 � 106 particles/L (PLA),
1.35 � 107 particles/L (PUR) and 1.63 � 107 particles/L (PVC). That
100 mg/L concentrations were most similar to each other while
differences between microplastic types increased towards lower
and higher concentrations was also true for the concentrations in
the exposure vessels. Here, the numerical concentrations varied by
a maximum factor of 4.0 for 10 mg/L, of 1.8 for 100 mg/L and 2.2 for
500mg/L between the three polymers (Table S1). In contrast, kaolin
suspensions contained 11e50 times more particles at same mass
concentrations.

The size distributions of all microplastics of our study are very
similar (Fig. S1). Independent of the particle type, the number of
particles increases with decreasing sizes. Whereas the majority of
kaolin particles is <10 mm, microplastics contain higher relative
particle quantities at sizes up to about 20 (PVC) or 40 mm (PUR,
PLA). All particles have irregular shapes and rough surfaces (Fig. 1).
While PVC, PUR and kaolin particles are rather round, PLA particles
are flatter and disc-shaped. After preparation of stocks, including
�24 h of shaking, all microplastic types and kaolin were homoge-
nously distributed in the water column. Kaolin remained sus-
pended in the water phase after two and seven days without
moving the suspensions, whereas most microplastics sedimented
and few floated on the surface. Although daphnids are primarily
filter feeders, they also graze on sediments and we observed them
at the bottom of the test vessels. Thus, all microplastic types are
available to the daphnids. A qualitative uptake experiment
demonstrated that PVC, PUR and PLA microplastics are readily
ingested by D. magna since they were visible in the gastrointestinal
tract (Fig. S3).

3.2. Chronic effects of microplastics on Daphnia magna

To investigate whether microplastics affect life-history traits of
D. magna and whether toxicity changes with the plastic type, we
exposed daphnids to PVC, PUR, PLA and kaolin particles. All
microplastics reduced the reproductive output of D. magna (Fig. 3A)
with an efficiency and effect level specific to the plastic type. PVC
impaired the reproduction the most with an EC50 of 45.5 mg/L
(Table 1) and significantly decreased the number of neonates from
101 per adult (control) to 34 at 100 mg/L and to 0 at 500 mg/L
(Fig. 3A). Exposure to PLA and PUR microplastics reduced the
reproduction significantly compared to the control at 500 mg/L
with EC50 values of 122 and 236 mg/L, respectively. While an
exposure to 10 and 50 mg/L of kaolin increased the reproduction to
130 and 110 neonates/animal (p > 0.05), 500 mg/L significantly
reduced the mean number of neonates per surviving female (21
neonates/animal) to values similar to PLA. With an EC50 of 275 mg/
L, kaolin was less efficient than microplastics in affecting repro-
duction. In addition, exposure to 500 mg/L PVC and kaolin signifi-
cantly delayed the reproduction and themean day of the first brood
occurred eight and four days later than in the control animals,
respectively (Fig. S4).

Using the same data, we also compared the reproductive output
based on numerical particle concentrations (Fig. 3B). With an EC50
of 1.14 � 107 particles/L, PVC was most efficient in reducing the
reproduction, followed by PLA (EC50 of 5.13 � 107 particles/L) and
PUR (EC50 of 7.29 � 107 particles/L, Table 1). With an EC50 of
2.61 � 109 particles/L, kaolinwas >35 times less toxic than all three
microplastics. A statistical comparison of the EC50 values of the four
particle types demonstrated that all values, both, if based onmasses
(F¼ 9.09 (DFn ¼ 3, DFd¼ 119)) or numerical particle concentration
(F ¼ 61.76 (DFn ¼ 4, DFd ¼ 135)), differed significantly from each
other (p < 0.05).

Except for PLA, the impacts of the particle exposure on daphnid
survival were low with 10 mg/L PVC and 50 mg/L kaolin inducing a
maximum of 30% mortality (Fig. S5). An exposure to PLA increased
the mortality in a concentration-dependent manner to 60% at
500 mg/L. The mortality in the controls was 5%.

The mean body length of adult D. magnawas significantly lower
in animals exposed to 500 mg/L of microplastics (Fig. S6). Control
animals were 4.10 mm in size compared to 3.48, 3.57 and 3.30 mm
in specimens exposed to PVC, PUR and PLA, respectively. Exposure
to the 500 mg kaolin/L also reduced the size of daphnids similar to
PLA.

Fig. 3. Effects of a chronic exposure of Daphnia magna to kaolin, PVC, PUR and PLA particles on the reproduction. Data is presented as mass-based (A) and numerical concentrations
(B). The latter were corrected for mean particle concentration in the blank (M4 medium). Open symbols indicate significant differences (p < 0.01) compared to control animals (C).
EC10, EC50: concentrations inducing 10 and 50% effect, SD: standard deviation.
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3.3. Contribution of plastic chemicals to microplastic toxicity

Next, we evaluated whether the observed toxicities of micro-
plastics are caused by plastic chemicals. For this, we exposed
D. magna to microplastics containing all chemicals (MP), extracted
microplastic particles (eMP), the chemicals extracted from PVC,
PUR and PLA microplastics (E) and the chemicals migrating from
the microplastics to aqueous medium (M, Fig. 2). In order to ensure
comparability, the exposure concentrations were based on the
EC50Repro that we derived from the first experiment (PVC: 45.5 mg/
L; PUR: 236 mg/L, PLA: 122 mg/L).

For PVC, exposure to the extracted chemicals (E) but not the
plastic particles (MP and eMP) reduced significantly the repro-
ductive output from 117 (control) to 25 neonates/animal (Fig. 4A).
Along that line, exposure to the PVC extract (E) also delayed the
reproduction by three days (Fig. 4D) and reduced the body lengths
of daphnids (4.08 vs. 4.56 mm in control animals, Fig. S7A). The
chemicals migrating to aqueous medium (M) did not have a sig-
nificant effect.

In comparison, the toxicity of PUR and PLA microplastics in
D. magna was mediated by the particle properties and not the
chemicals. Here, the microplastics and extracted microplastics
significantly reduced the reproduction (Fig. 4B and C) as well as the
size of daphnids (Figs. S7B and C). Extracted PUR particles also
delayed the day of the first brood by 1e3 days compared to the
control (Fig. 4E). In line with the first experiment, PLA was the only
microplastic type inducing mortality. This effect was mediated by
the particles and not the chemicals (Fig. 5).

To further evaluate if andwhich particle characteristics might be
responsible for the deviating toxicities, we analyzed differences in
numerical concentrations (particle count), size distribution as well
as the shape and surface morphology of original and extracted
microplastics. Regarding particle numbers, the suspension of
extracted PVC particles contained 1.89 � 108 particles/L compared
to 0.50 � 108 particles/L in the suspension of the PVC microplastics
(Fig. 6). Although both suspensions were prepared using the same
mass, the extracted microplastic suspension had a 3.8 times higher
particle concentration. Comparisons of the particle size

Table 1
Mass-based and numerical particle concentrations of kaolin as well as PVC, PUR and PLA microplastics reducing the reproduction of Daphnia magna by 10% (EC10) and 50%
(EC50).

Treatment EC10 (mg/L) EC50 (mg/L) EC10 (particle/L) EC50 (particle/L)

Kaolin 111 (43.8e279) 275 (174e435) 1.05 � 109 (4.12 � 108e2.66 � 109) 2.61 � 109 (1.64 � 109e4.14 � 109)
PVC n.a.a 45.5 (26.8e77.2) n.a.a 1.14 � 107 (6.96 � 106e2.61 � 107)
PUR 12.4 (3.01e50.7) 236 (120e463) 9.26 � 106 (3.26 � 106e2.63 � 107) 7.29 � 107 (4.58 � 107e1.16 � 108)
PLA 23.6 (9.62e58.0) 122 (79.9e186) 1.07 � 107 (3.97 � 106e2.56 � 107) 5.13 � 107 (3.50 � 107e7.50 � 107)

a EC10 below the lowest measured concentration of 10 mg/L; The 95% confidence intervals are given in brackets.

Fig. 4. Effect of a chronic exposure of Daphnia magna to PVC (45.5 mg/L), PUR (236 mg/L) and PLA (122 mg/L) microplastics on the reproductive output (AeC) and the timing of
reproduction (DeF). Treatments include microplastics (MP), microplastics without extractable chemicals (eMP), the chemicals extracted (E) and migrating from microplastics to
aqueous medium (M). Asterisks indicate significant differences to the controls (C) with+ p < 0.05,++ p < 0.01,+++ p < 0.001 (Kruskal-Wallis with Dunn’s multiple comparison
post-test).
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distributions showed that the extracted PVC particles are smaller
than the untreated ones (Fig. S8). Suspensions of the original and
extracted PUR microplastics contained approximately the same
particle concentration (1.93 � 108 and 1.99 � 108 particles/L) like
extracted PVC. The numerical concentrations of microplastics in the
PLA suspensions were approximately 2.8 times lower (MP:
0.57 � 108 particles/L, eMP: 0.84 � 108 particles/L; Fig. 6). The
extraction of PUR and PLA microplastics did not change their size
distribution (Fig. S8). SEM imaging demonstrated that the extrac-
tion did not alter shapes nor surface morphologies of any of the
microplastic types (Fig. S9).

4. Discussion

4.1. Microplastic effects on Daphnia magna depend on the plastic
type

For the hazard assessment of microplastics, it is crucial to
consider the diverse picture of synthetic polymers entering the
environment (Lambert et al., 2017; Rochman et al., 2019). However,
the physical and chemical heterogeneity of microplastics has rarely
been reflected in ecotoxicological studies to date. To address this
knowledge gap, we compared the impact of so far understudied
PVC, PUR and PLA particles on D. magna upon chronic exposure.
Sincewe aimed at understanding the chemical and physical toxicity
of microplastics and not their environmental risks specifically, we

used high concentrations that caused negative impacts in D. magna
but are clearly much higher than currently occurring in freshwater
ecosystems.

In this range, all three microplastics affected life-history traits of
D. magna. While PVC microplastics were most potent in decreasing
(at 10e500 mg/L) and delaying reproduction (at 500 mg/L), PLA
was in reducing survival (at 500 mg/L). When comparing repro-
ductive outputs based on numerical concentrations, we observed a
similar picture, with PVC being more potent in decreasing repro-
duction (EC50 ¼ 1.14 � 107 particle/L) than PLA (5.13 � 107 particle/
L) and PUR (7.29 � 107 particle/L). Thus, impacts of microplastics
depend on the polymer type and the endpoint under investigation.

Besides our toxicity study, only few others have analyzed
polymers other than PS and PE or compared different microplastic
types. Two studies compared PE and polyethylene terephthalate
(PET) microplastics from consumer plastics and observed neither
acute effects at mass concentrations comparable to our study
(particle size: 23e264 mm; concentration: 100 mg/L; Kokalj et al.,
2018) nor chronic impacts (exposure concentration based on sur-
face area; Trotter et al., 2019) on daphnids. So far, toxicity data for
PUR particles are unavailable but some data for PVC and PLA
microplastics exists. Irregular PLA microplastics (3.4 mm; 19.6 mg/L)
did not affect feeding, size and population growth of D. magna upon
chronic exposure (Gerdes, 2018). In a comparative analysis of
irregular PVC, PP and PE particles (10e100 mm; 50 mg/L), PP and PE
induced a higher acute toxicity than PVC on D. magna under fasting

Fig. 5. Mortality of Daphnia magna after 21 days exposure to 45.5 mg/L PVC (A), 236 mg/L PUR (B) and 122 mg/L PLA (C) microplastics. Treatments include microplastics (MP),
microplastics without extractable chemicals (eMP), the chemicals extracted (E) and migrating from microplastics to aqueous medium (M). Asterisks indicate significant differences
to the controls (C): ++ p < 0.01, +++ p < 0.001 (Fisher’s exact test, comparison to C).

Fig. 6. Numerical particle concentrations in the treatment suspension of the second experiment. Treatments include microplastics (MP), microplastics without extractable
chemicals (eMP), the chemicals extracted (E) and migrating from microplastics to aqueous medium (M). SD: standard deviation.
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conditions (Renzi et al., 2019). Schrank et al. (2019) compared
irregular rigid and flexible PVC (4e276 mm) and reported delay of
primiparity in D. magna upon exposure to rigid PVC and alterations
in body lengths and reproductive output for flexible PVC. This in-
dicates that the toxicity of microplastics not only depends on the
polymers type but also differs between plastics made of the same
polymer.

Comparison of microplastics to the natural kaolin particle
demonstrates that kaolin particles are less toxic than microplastics.
In general, at the same mass concentrations, the numerical con-
centrations of kaolin were much higher than those of all micro-
plastics in our study. Kaolin impaired reproduction, Daphnia size
and the day of first brood at much higher particle concentrations
(4.75 � 109 particles/L) compared to microplastics. In line with our
results, upon acute as well chronic exposure of D. magna, irregular
microplastics had, respectively, a significant lower LC50 (PET; 5 mm;
Gerdes et al., 2019) as well as EC50 Repro (2.6 mm; Ogonowski et al.,
2016) value than kaolin. This suggests (1) that the natural kaolin
particle is less toxic than microplastics in daphnids and, (2) that the
effect is independent of the mere number of particles.

Taken together, other factors than polymer type and numerical
particle concentrations, that are specific to each plastic particle,
influence adverse effects of microplastics. These may include
physical characteristics, such as size, shape and surface
morphology, and chemical characteristics, such as the presence of
additives and side products.

4.2. Role of chemicals in microplastic toxicity

We aimed at elucidating whether plastic chemicals present in
and leaching from the microplastics contribute to their toxicity. For
that purpose, we compared within one microplastic type the
chronic toxicity of the microplastics to that of particles without
extractable chemicals, the chemicals extracted from the micro-
plastics reflecting the chemicals that are used in plastic and can
potentially be released in the environment under worst-case con-
ditions. Additionally, we tested the chemicals migrating from
plastic in aqueous medium within 21 days reflecting those realis-
tically entering freshwater ecosystems.

Our results demonstrate that chemicals can be the main driver
of microplastic toxicity. However, their contribution depends on
the plastic type. For the PVCwe analyzed, the extractable chemicals
caused toxicity since only the plastic extract adversely affected
D. magna. There was no toxicity when the chemicals were incor-
porated in the microplastics nor did the chemical toxicity migrate
into aqueous medium over a 21-day period. This indicates that
under more realistic conditions, the toxicity of leaching chemicals
might be limited. However, the quantities and effects of chemicals
leaching from plastic debris in natural environments are highly
context dependent (e.g., type and surface area of debris, tempera-
ture, microbial activity) and difficult to generalize. In addition, it
remains to be seen how the effects of chemicals leaching from
artificially ground microplastics will translate to plastics aged in
nature.

In contrast to PVC, the toxicity induced by the analyzed PUR and
PLAwas not caused by plastic chemicals since neither the extracted
nor migrating compounds had negative impacts. Instead, the
microplastics and extracted microplastics induced adverse effects
implying that the particle characteristics of PUR and PLA micro-
plastics are causative.

Few studies have compared the physical and chemical toxicity of
microplastics. For instance, the negative impacts of PET fibers on
survival of D. magna (Jemec et al., 2016) and PS beads on repro-
duction of C. elegans (Mueller et al., 2020) were not caused by their
chemical leachates. In contrast, Oliviero et al. (2019) linked the

toxicity of irregular PVC microplastics made from toys (<20 mm) on
sea urchin to the leachable chemicals. Chemical-driven effects were
also observed in plants. Here, leachates of polycarbonate (PC)
granules but not whole microplastics affected germination of a
garden cress (Pflugmacher et al., 2020). In contrast to our PUR
particles that do not contain compounds toxic to D. magna, other
PUR consumer products leached chemicals with acute toxicity to
daphnids (Lithner et al., 2009). These studies strengthen the
argument that chemicals can drive microplastic toxicity and clarify
that the chemical toxicity is specific to the individual material and
not necessarily to a polymer type. Nonetheless, there is some evi-
dence that the toxicity of microplastics made of certain polymers,
especially PVC and PC, is caused by the plastic chemicals.

In order to find out why only the plastic chemicals in PVC
induced toxicity, we compared the chemical profiles of the three
plastics (details in Zimmermann et al., 2019). Interestingly, the total
abundance (peak area) was largest for the PLA extract followed by
PVC and PUR extracts. Likewise, PLA contained 103 compounds,
followed by PVC (52) and PUR (44). Thus, neither the abundance
nor the number of plastic chemicals predicts the in vivo toxicity of
plastic extracts observed in this study. We further prioritized the
identified chemicals based on their abundance and in vitro toxicity
and detected high priority chemicals in all three plastics, for
instance the plasticizer tributyl acetylcitrate in PVC, the antioxidant
butylated hydroxytoluene in PUR and the side product 9-
octodecamide in PLA (Zimmermann et al., 2019). However, it still
remains elusive whether the toxic effects of PVC on D. magnawere
caused by individual compounds or a mixture of chemicals. Overall,
the chemicals inducing in vivo effects, likewise as the chemicals
inducing in vitro toxicity, remain to be identified which makes
further research necessary.

4.3. Role of physical characteristics in microplastic toxicity

The physical properties of microplastics, including size, shape,
surface morphology and charge, may also play an important role in
their toxicity. For instance, 100 nm PS beads were more toxic in
D. magna than 2 mm PS beads (Rist et al., 2017) and PET fibers
induced stronger effects than PE beads in Ceriodaphnia dubia
(Ziajahromi et al., 2017). Regarding the surface charge, positively-
charged amidine 200 nm PS nanobeads were more toxic than
negatively charged carboxylated PS beads in D. magna (Saavedra
et al., 2019). While identifying which physical property drives the
toxicity of microplastics is not an easy task, this highlights that
multiple factors need to be considered.

In terms of particle size, smaller microplastics did not induce a
higher toxicity in our study: The adverse effects of PLA and PUR
were induced by particles mostly smaller than 40 mm (MP and eMP)
while the smaller PVC particles (mostly <20 mm) did not cause an
effect. Compared to the suspension based on PVCmicroplastics, the
one of extracted PVC contained much more small particles, prob-
ably as a consequence of fragmentation during extraction, but still
was not toxic to D. magna. Due to technical limitations, we could
not determine the occurrence of particles <2 mm. Thus, the
contribution of smaller microplastics and nanoplastics potentially
present in the suspensions and extracts remains unknown.

In terms of shape and surface morphology, we generated
irregular microplastics from plastic consumer products. Since ma-
terials have different fragmentation pattern, creating identical
particle shapes is not entirely feasible. Nevertheless, all selected
microplastics share an irregular shape and rough surface. Here, PVC
and PUR microplastics have a very similar, rounded shape but do
not resemble each other with regards to their toxicity. Vice versa,
PUR and PLA microplastics have a somewhat dissimilar shape but
induced a comparable toxicity. Thus, shape is not the driving factor
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for toxicity in our study. However, this may be different when
investigating particles with more dissimilar shapes (e.g., beads vs.
fibers).

Additionally, a higher numerical concentration at equal mass
concentrations was not responsible for higher effects. For instance,
PLA MP and eMP suspensions had lower numerical concentration
than the PVC eMP suspension but PLA and not PVC particles
affected life-history traits of D. magna. Thus, other particle-related
differences of PLA compared to PVC microplastics, like the flatter
and more angular shape or another surface charge of PLA, may
render them more toxic. In general, the combination of the several
physical characteristics specific to each particle type influences
microplastic toxicity. This indicates the necessity to consider mul-
tiple physical properties of microplastics in future toxicity studies.

Summing up, for the microplastics we studied, the effects of PVC
are driven by chemical toxicity while physical toxicity dominates
for PUR and PLA microplastics. Concerning the latter, neither a
higher numerical concentration, the specific particle size, shape nor
surface morphology appears to be the sole relevant factor. Since
PVC microplastics were still more toxic than PUR and PLA particles,
chemicals seem to have a higher impact than physical properties on
microplastic toxicity in our study.

4.4. Bioplastics are not necessarily safer than conventional plastics

Bioplastics are made from renewable resources (bio-based) and/
or degrade in the natural environment by the action of microor-
ganisms (biodegradable; Lambert and Wagner, 2017). They are
especially prone to end up in natural ecosystems due to the
promise that they easily degrade in nature which is often not even
true (Haider et al., 2019). Although marketed as a more sustainable
alternative, there are first indications from in vitro testing that they
are not necessarily toxicologically safer than their petroleum-based
counterparts (Zimmermann et al., 2019). Our in vivo results support
that idea as PLA was more toxic than PVC and PUR with regards to
daphnid mortality. Besides D. magna, also other aquatic organisms
are susceptible to PLA microplastics. Exposure of the oyster Ostrea
edulis to 0.8 or 80 mg/L of 65.6 mm (Green, 2016) and the lugworm
Arenicola marina of 1.4e707 mm (Green et al., 2016) PLA micro-
plastics resulted in elevated respiratory rates. While we cannot
attribute the toxicity of the PLA to plastic chemicals in our study,
PLA leachates induced in vitro baseline toxicity (Ramot et al., 2016;
Zimmermann et al., 2019). This phenomenon is not limited to PLA
but also applies to other bioplastics. For instance, aqueous leachates
of polybutylene adipate terephthalate (PBAT) and poly-
hydroxybutyrate (PHB) granules increased the immobility of
D. magna after 48 h of exposure (G€ottermann et al., 2015). Taken
together, bioplastics, like PLA, can be similarly toxic as conventional
plastics and are especially prone to end up in the environment and
therefore, might pose a particular hazard for aquatic organisms.

5. Conclusions

The aim of this study was to characterize the toxicity of micro-
plastics from currently understudied materials as well as to eluci-
date whether the toxicity is driven by the chemicals present in
microplastics. We, thus, chronically exposed D. magna to high
concentrations of PVC, PUR and PLA microplastics or kaolin as well
as to four exposure scenarios to differentiate between physical and
chemical toxicity. The latter included untreated microplastics,
microplastic particles without extractable chemicals as well as the
compounds extracted or migrating from the plastics. All three
microplastic types adversely affected the life history of D. magna at
high concentrations. Here, the magnitudes of effect on multiple

endpoints were material-specific with PVC being most toxic to
reproduction and PLA inducing most mortality. We demonstrate
that plastic chemicals are the main driver for toxicity in case of the
PVC but not of the PUR and PLA microplastics investigated here.
Additionally, the high mortality upon PLA exposure indicates that
bioplastics can be similarly toxic as their conventional counter-
parts. Our findings highlight that microplastics cannot be treated as
homogenous entity when assessing their environmental hazards.
Instead, multiple plastic types as well as chemical compositions
and physical characteristics of microplastics need to be taken into
account. Importantly, studying the toxicity of other polymers than
PS and PE, especially bioplastics, is particularly relevant.
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A  ls Medium, das einerseits Aufmerksamkeit wecken, an-
dererseits aber nicht vom eigentlichen Produkt ablenken, 

sondern diesem Prominenz geben soll, hat die Verpackung 
eine ambivalente Beziehung zu Transparenz (Cochoy 2000). 
Die Verpackung klärt über das verpackte Produkt auf und 
macht dieses dadurch durchschaubar (z. B. durch Siegel und 
Produktinformationen), während sie sich gleichzeitig selbst 
„unsichtbar“ macht. Diese Unsichtbarkeit ist sowohl im wört-
lichen Sinn zu verstehen, etwa bei der Nutzung von Glas und 
durchsichtigen Kunststoffen als beliebte Verpackungsmateri-
alien, die das Produkt in den Fokus rücken. Unsichtbar wird 
Verpackung aber auch im metaphorischen Sinn, da die Verpa-
ckung und ihre Eigenschaften meist nicht Kommunikationsin-
halt, sondern nur Kommunikationsmedium ist. 

Diese Unsichtbarkeit von Verpackung wandelt sich jedoch, 
wenn sie nach ihrer Nutzungsphase zum Verpackungsmüll 
wird. Insbesondere als Müll in Ozeanen, an Stränden und in 
unseren Städten wird Verpackung sichtbar und zum Gegen-
stand der gesellschaftlichen Auseinandersetzung. Verpackung 
wird damit von einer unhinterfragten Technologie zur Organi-
sation von Märkten zu einem symptomatischen Objekt eines 
Umweltproblems (Hawkins 2012).

Ein anderen Umgang mit Verpackung ist nötig

Zur Lösung dieser mit Verpackung assoziierten Nachhaltig-
keitsprobleme braucht es eine Transformation im Umgang mit 
Verpackungen und ihrer Unsichtbarkeit. Die Verpackung muss 
für Nutzende durchschaubar werden. Das betrifft ihre ganze 
Produktionskette, vom Rohmaterial über die Folie bis hin zur 
fertigen Verpackung. Verpackung muss an Kriterien gemes-
sen werden, die über Preis, Ästhetik und technische Funktiona-
lität hinausgehen und Fragen von Kreislauffähigkeit, Umwelt- 
und Gesundheitsverträglichkeit miteinbeziehen (EPEA 2019). 

Die Thematisierung von Verpackung darf sich nicht auf Sym-
ptome einer unsachgemäßen Nutzung beziehungsweise Ent-
sorgung beschränken, sondern muss Umwelt- und Gesund-
heitsverträglichkeit als Teil ihrer Produktion und Nutzung in 
den Fokus nehmen. Dazu müssen wir die Gründe für die ver-
packungsbezogene Unsichtbarkeit genauer erörtern. Wir brin-
gen als Ökotoxikologin, die sich mit Inhaltsstoffen von Kunst-
stoffverpackungen beschäftigt, Nachhaltigkeitsmanager, der 
Verpackungen konzipiert, und Sozialwissenschaftler, der den 
Umgang mit Verpackungen im Lebensmittelsystem beforscht, 
je  unterschiedliche Perspektiven und Erfahrungen in den Dis-
kurs ein.

In diesem Beitrag loten wir gemeinsam Möglichkeiten aus, 
wie die „unsichtbare“ Verpackung sichtbar und folglich durch-
schaubar gemacht werden kann. Dazu stellen wir Beispiele aus 
unserem Forschungs- und Unternehmensalltag vor, an denen 
wir selbst auf „Unsichtbarkeiten“ und damit Undurchschau-
barkeiten von Verpackung gestoßen sind. Lisa Zimmermann, 
Ökotoxikologin, beschreibt das fehlende Wissen und den man-
gelnden Wissenstransfer über die chemische Zusammenset-
zung von Kunststoffverpackungen und die damit einhergehen-
den Schwierigkeiten, ihre gesundheitliche und ökologische 
Unbedenklichkeit zu bewerten. Dann beleuchtet Maik Birn-
bach, Nachhaltigkeitsmanager bei einhorn (einhorn products 
GmbH), wie mangelndes Wissen über Produktanforderungen 
und Zusatzstoffe nachhaltiges Verpackungsdesign beeinträch-
tigen. Lukas Sattlegger, Soziologe, beschreibt die Schwierig-
keit, wissenschaftliche Nachhaltigkeitsbewertungen in unter-
nehmerische Entscheidungen zu übersetzen. Auf Basis dieser 
Erfahrungsberichte geben wir abschließend Handlungsemp-
fehlungen für das Gelingen einer sichereren und nachhalti-
gen Verpackungsgestaltung, aber auch die Zusammenarbeit 
relevanter Akteure.

Die Intransparenz der chemischen 
 Zusammensetzung

Ziel meiner (Lisa Zimmermann) derzeitigen ökotoxikolo-
gischen Forschungsarbeiten ist es, die Chemikalienmischung 
in Kunststoffverpackungen ausführlich zu charakterisieren 
(Zimmermann et  al. 2019). Als Untersuchungsobjekte habe 
ich Verpackungen aus verschiedenen Kunststoffarten gewählt. 
Das bedeutet, sie basieren auf verschiedenen Polymertypen 
(z. B. Polyethylen und Polystyrol). Kunststoffe enthalten dane-
ben zahlreiche weitere Substanzen, wie Füllstoffe und Zusatz-
stoffe (z. B. Weichmacher, Antioxidantien, Stabilisatoren, Farb-
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stoffe), die dem Material die gewünschten Eigenschaften ver-
leihen (Muncke 2009). Die chemische Zusammensetzung von 
Kunststoffprodukten ist dabei so vielfältig wie ihre Anwendun-
gen. Während einzelne Substanzen, wie beispielsweise Bisphe-
nol A, ausführlich untersucht sind, finden die meisten weite-
ren sowie deren Mischungen mit anderen Substanzen im je-
weiligen Endprodukt wenig Beachtung und somit ist auch ihre 
Sicherheit für Mensch und Umwelt nicht garantiert (Wagner 
2017).

Mich interessierte, ob einige Kunststofftypen unbedenkli-
cher sind als andere und ob sich dies auf den jeweiligen ent-
haltenen Chemikalienmix zurückführen lässt. In meinen Un-
tersuchungen löste ich dazu die Chemikalienmischung aus 
den unterschiedlichen Kunststoffen heraus und untersuchte 
anhand von Labortests die negativen Effekte dieser Mischung 
unter anderem auf menschliche Zellen. Zudem analysierte 
ich die chemische Zusammensetzung der Kunststoffe. In den 
Forschungsarbeiten galt mein besonderes Interesse den soge-
nannten Biokunststoffen, die entweder biobasiert, das heißt 
aus nachwachsenden Rohstoffen hergestellt, und/oder bioab-
baubar sind, das heißt in der Anwesenheit von Mikroorganis-
men zersetzt werden (DIN 2011). Da sie als nachhaltigere Al-
ternative zu erdölbasierten, nicht bioabbaubaren Kunststoffen 
vermarktet werden, wollte ich herausfinden, ob sie eine unbe-
denklichere Alternative hinsichtlich der in ihnen enthaltenen 
Chemikalien darstellen. Um meine Untersuchungen durch-
führen zu können, musste ich den Polymertyp (z. B. Cellu-
lose, Stärke, Polymilchsäure) kennen, auf dem die Produkte 
basierten. Zudem versuchte ich, Informationen zu den weite-
ren chemischen Inhaltsstoffen zu bekommen. Hierbei offen-
barten sich Intransparenz und Wissenslücken, die einen toxi-
kologischen Bewertungsprozess erschweren.

Bei meiner Produktakquise im Lebensmitteleinzelhan-
del stellte ich fest, dass sich auf den meisten Produkten aus 
Biokunststoffen kein Hinweis auf deren Polymertyp befindet. 
Während auf vielen erdölbasierten Produkten aus gängigen Po-
lymertypen dieser über einen Recyclingcode kenntlich gemacht 
wird (z. B. Nummer 1 = Polyethylenterephthalat (PET)), existiert 
für bioabbaubare Kunststoffe kein solches Kennzeichnungs-
system. Lediglich Vermerke wie „biobasiert“/„aus nachwach-
senden Rohstoffen hergestellt“ oder „kompostierbar“ weisen 
auf ihren Ursprung und ihre Abbaubarkeit hin. Zudem ist statt 
der Angabe der vollständigen Inhaltsstoffe eines Kunststoffpro-
duktes lediglich vermerkt, welche einzelnen Substanzen sich 
nicht in dem Produkt befinden („ohne Bisphenol A“, „alumini-
umfrei“). Die Hersteller sind nicht verpflichtet, die genaue che-
mische Zusammensetzung eines Kunststoffproduktes offen-
zulegen. Somit bleibt diese auch für Konsument/innen und 
Entsorgungsunternehmen undurchschaubar. Um dennoch de-
tailliertere Angaben zu Polymertyp und chemischer Zusam-
mensetzung zu bekommen, habe ich versucht, die Akteure der 
Produktionskette der ungefähr 50 untersuchten Artikel zu kon-
taktieren. Zunächst stellte sich die Identifikation aller an Her-
stellung und Vertrieb eines Produktes beteiligten Akteure als 

schwierig heraus, da zum Beispiel Unternehmen verkauft wer-
den oder Vertreiber keine Auskunft zu ihren Herstellern geben 
wollten. Es ist also bereits schwer durchschaubar, wer über-
haupt im Besitz von relevantem Wissen ist. Zudem sind Ak-
teure oft nicht gewillt ihr Wissen transparent zu machen. So 
blieben Antworten auf meine Nachfragen entweder ganz aus 
oder ich bekam lediglich unvollständige Informationen hin-
sichtlich der chemischen Zusammensetzung der Verpackun-
gen. Dieser mangelnde Wissenstransfer existiert ebenso zwi-
schen den Akteuren des Herstellungsprozesses, sodass selbst 
bei diesen Wissenslücken hinsichtlich der Produktzusammen-
setzungen bestehen. Die Intransparenz ergibt sich also zum 
einen aus mangelnder Weitergabe von Informationen in der 
Produktionskette. Zum anderen entstehen aber auch im Pro-
duktionsprozess unbeabsichtigt neue Substanzen, die allen Ak-
teuren unbekannt sind. Diese umfassen beispielsweise Neben- 
oder Abbauprodukte, die erst während des Prozessierens eines 
Kunststoffproduktes entstehen (Muncke 2009). Dementspre-
chend kennt selbst der Hersteller eines (Zwischen-)Produkts 
nicht alle Chemikalien, die in diesem enthalten sind.

Für mich als Wissenschaftlerin ergibt sich ein weiteres Prob-
lem: Um eine Bandbreite verschiedener Kunststoffarten unter-
suchen zu können, wandte ich mich neben der Akquise im Ein-
zelhandel für spezifische Produkte an diverse Hersteller. Diese 
verkaufen ihre (Zwischen-)Produkte oft entweder gar nicht an 
Universitäten oder eine Materialübertragungsvereinbarung 
schreibt vor, dass das Materialmuster lediglich auf seine Perfor-
manz, nicht aber auf seine Zusammensetzung überprüft wer-
den dürfe. Es wird also aktiv verhindert, dass Dritte selbst Wis-
sen generieren können, was eine adäquate Bewertung der Aus-
wirkungen dieser Produkte auf Mensch und Umwelt verhindert.

Kunststoffartikel mit Lebensmittelkontakt unterliegen einer 
gesonderten EU-Richtlinie, die garantieren soll, dass diese ge-
sundheitlich unbedenklich sind. Allerdings sieht selbst diese 
nur die Bewertung des Übertretens einzelner, bekannter Subs-
tanzen in Nahrungsmitteln vor (Europäische Kommission 
2011). Gesundheitliche Auswirkungen von „Unbekannten“ so-
wie der Substanzmischung, welche beispielsweise im fertigen 
Verpackungsmaterial vorhanden ist und zum Teil in die darin 
verpackten Lebensmittel übertreten kann, müssen nicht un-
tersucht werden. Somit ist auch hier die Unbedenklichkeit der 
chemischen Inhaltsstoffe für Mensch und Umwelt nicht garan-
tiert. Dies haben auch meine Untersuchungen bestätigt. Ein 
Großteil der untersuchten Produkte enthielt bedenkliche Subs-
tanzmischungen, die sich erstens nicht vollständig identifizie-
ren ließen und zweitens negative Effekte in Zelltests zeigten 
(Zimmermann et al. 2019).

Fehlendes Wissen zu Produktanforderungen 
und Recyclingfähigkeit

Die Undurchschaubarkeit der Verpackung behindert neben 
toxikologischen Bewertungen auch die Entwicklung nachhal-
tigerer Verpackungsdesigns. Eine nachhaltige Verpackung ist 
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nach meinem (Maik Birnbach) Verständnis möglichst gering 
bis nicht existent (Reduce bzw. Zero Waste), schützt das Pro-
dukt, wenn nötig, ist mehrfach nutzbar (Reuse-Konzepte, wie 
z. B. die Mehrwegflasche) oder nutzt zumindest kreislauffähige 
Materialien (Recycling), die ökologisch vorteilhaft produziert
wurden. Der Komplexität dieser Kriterien steht jedoch der un-
vollständige Zugang zu den dafür notwendigen Informationen 
gegenüber: Um welches Material handelt es sich? Ist es notwen-
dig für den Produktschutz? Wie wurde es hergestellt und aus
welchen Ressourcen? Wie gut kann es tatsächlich wiederver-
wendet werden und ist der Weg zur Verwertung auch für Nut-
zende nachvollziehbar? Schlussendlich: Welchen Fußabdruck
hat diese Verpackung im Vergleich zu einer Alternative? All dies 
sind Informationen, die man zu häufig nicht einfach von Lie-
feranten wie Verpackungsherstellern oder Materialproduzen-
ten erhält. Im Folgenden führe ich zwei Beispiele solcher Wis-
sens- und Kommunikationsmängel aus, die mir als Verantwort-
licher für nachhaltige Verpackungen bei einhorn begegnet sind:

Kondome sollen nach ISO-Norm 4074:2017 mit einem 
Schutz gegen das Austreten des Gleitmittels und das Eindrin-
gen von Licht und Sauerstoff ausgestattet werden. Da die Norm 
selber jedoch keine Barriere-Grenzwerte vorgibt (Wie stark 
muss der Schutz zum Beispiel gegen Sauerstoff tatsächlich 
sein, um das Kondom zu schützen?), hat sich als Industrie-
standard durchgesetzt, ein Verbundmaterial aus Plastik- und 
Aluminiumfolie (oder eine Aluminiumbedampfung) einzuset-
zen, da Aluminium gemeinhin als stärkste Barriere gegen Gas- 
oder Lichtdurchtritt gilt. So wichtig der Produktschutz (insbe-
sondere in diesem Fall) ist, so wichtig scheint vor unseren glo-
balen Herausforderungen jedoch auch die Frage: Schlagen hier 
Produktschutz und Haltbarkeit (bei Kondomen immerhin ca.  
drei bis fünf Jahre) die Nachhaltigkeit der Verpackung? Es han-
delt sich nicht nur um sorglosen Ressourcenverbrauch (Ein-
satz von Aluminium), sondern auch um die Erzeugung einer 
Verpackung, die bei heutigem Stand der Technik nicht wieder-
verwertet werden kann, da sich der Materialverbund nicht auf-
trennen lässt. Zudem zeigt die Ökobilanz eines Kondoms, dass 
der Einsatz einer Aluminiumfolie in der Verpackung für ei-
nen großen Teil des Fußabdrucks verantwortlich ist (Birnbach 
et al. 2020). Wie sieht es in diesem Zusammenhang mit Le-
bensmittelverpackungen aus? Warum können beispielsweise 

manche Teesorten in einer Papp-Box verkauft werden, wäh-
rend es für andere Hersteller notwendig erscheint, eine Alu-
miniumbarriere in ihrer Verpackung zu verarbeiten? Meine Er-
fahrung zeigt, dass Verpackungsmittelhersteller und Marken 
viel zu selten wissenschaftliche Antworten auf diese Fragen ha-
ben und schlicht ihrer Erfahrung oder einem „das machen wir 
schon immer so“ oder „das machen doch alle so“ trauen. Bisher 
ist zu häufig unklar, welchen Schutz die Verpackung eigentlich 
tatsächlich bieten muss. Das Wissen darüber ist jedoch essen-
ziell für ein nachhaltiges Verpackungsdesign.

In puncto Kreislaufwirtschaft ist noch ein weiteres Beispiel 
interessant: Farben, Kleber und weitere Zusatzstoffe. All diese 
Materialkomponenten haben einen Einfluss darauf, wie und 
ob sich Verpackungen sortieren und recyceln lassen und in 
welcher Qualität der recycelte Rohstoff am Ende vorliegt. So 
weist beispielsweise die International Association of the Deinking 
Industry (INGEDE) darauf hin, dass sich vernetzende Farben 
und Öle (UV-Farben, Farben auf Sojaöl-Basis, teils auch Flüs-
sigtoner) im Papier-Recyclingprozess nicht mehr von Papierfa-
sern lösen lassen und so die Fasern nicht mehr in Recycling-
papier mit hoher Qualität verwendet werden können (INDEGE 
2019). Die Auswahl der Druckfarben und Techniken hat also 
eine nicht zu vernachlässigende Rolle bei der Bewertung der 
Recyclingfähigkeit und letztlich der Nachhaltigkeit von Verpa-
ckungen (Ähnliches gilt bspw. auch für die Sortierfähigkeit von 
schwarz eingefärbten Plastikverpackungen). Interessant sind 
dabei zwei Aspekte: Erstens muss die Recyclingfähigkeit bisher 
nicht verpflichtend getestet werden, obwohl Testverfahren zur 
Verfügung stehen. Zudem werden Testergebnisse von den ent-
sprechenden Institutionen nicht veröffentlicht, obwohl dies die 
Auswahl der Farb- und Drucksysteme für Verpackungsdesigner 
und Drucker vereinfachen würde. Zweitens werden unter an-
derem Druckfarben in Ökobilanzen explizit ausgeschlossen, da 
sie einen zu geringen Anteil an der Masse der Verpackung aus-
machen. So wird in gängigen Ökobilanzen für Getränkekar-
tons die Druckfarbe vernachlässigt, weil sie weniger als 1 % des 
Gewichts des Getränkekartons ausmacht (Kauertz et al. 2018). 
Dabei können Druckfarben und Zusatzstoffe auch toxische 
Substanzen (bspw. Schwermetalle) enthalten. Werden diese 
nicht während des Recyclings entfernt, werden recycelte Mate-
rialien verunreinigt und so gesundheitlich bedenklich (EPEA 
2018). Das systematische Fehlen solcher Detailinformationen 
zu Zusatzstoffen und ihren Auswirkungen erschwert die Ent-
wicklung und Auswahl einer nachhaltigen, gesundheitlich un-
bedenklichen und kreislauffähigen Verpackung.

Hindernisse in unternehmerischen 
 Entscheidungsprozessen

Mangelhafter Wissenstransfer ist nicht nur innerhalb der 
Versorgungskette und gegenüber der Öffentlichkeit und Wis-
senschaft ein Problem. Eine eingeschränkte Wissensvermitt-
lung ist auch von der Wissenschaft in die Wirtschaft zu beob-
achten. Die Schwierigkeit, wissenschaftliches Systemwissen in 
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konkrete Handlungskriterien zu übersetzen, konnte ich (Lu-
kas Sattlegger) als Sozialwissenschaftler im Zuge meines For-
schungsaufenthalts in den wöchentlichen Sortimentsbespre-
chungen beim Bio-Großhandel Kornkraft Naturkost beobach-
ten. Schon in einem unserer ersten Gespräche während meiner 
Zeit bei Kornkraft machte mich die Geschäftsführerin mit der 
Idee vertraut, bei der Sortimentszusammenstellung das Krite-
rium „Nachhaltigkeit von Verpackung“ stärker zu berücksich-
tigen. Meine Aufgabe als Wissenschaftler war, dabei zu helfen, 
Kriterien für „gute“ und „schlechte“ Verpackungen zu entwi-
ckeln und eine Entscheidungshilfe für die Produktauswahl zu 
definieren. In den Sortimentsbesprechungen könnten diese 
Kriterien dann in Entscheidungsprozesse einfließen. Im Zuge 
dieser Besprechungen kristallisierten sich einige Wissensdi-
mensionen heraus, die eine Übertragung von wissenschaftli-
chem Wissen in konkrete unternehmerische Entscheidungs-
kompetenz erschweren. Die verfügbaren wissenschaftlichen 
Bewertungskriterien erwiesen sich in der unternehmerischen 
Praxis als oftmals undurchschaubar und schwer anwendbar.

Ökobilanzen sind grundsätzlich extrem kontextabhängig 
und können meist nicht in verallgemeinerbare Richtlinien über-
setzt werden, wie der Wunsch der Europäischen Kommission 
nach mehr Vergleichbarkeit von Ökobilanz-Ergebnissen zeigt 
(UBA 2018). Das erschwert das Finden einfacher, kommuni-
zierbarer Entscheidungskriterien. Für Praxisakteure ist diese 
Komplexität oft nicht durchschaubar, das Wissen bleibt abstrakt. 
Mehrmals werde ich als Wissenschaftler mit konkreten Fragen 
konfrontiert, was denn jetzt besser sei – diese oder jene Verpa-
ckung. Fragen, die ich durch Verweis auf Forschungsbedarf und 
Kontexte („das hängt vom Entsorgungs- und Verwertungssystem 
ab“) nicht zufriedenstellend beantworten konnte. Die Wissen-
schaft tut sich aufgrund der Komplexität und Dynamik der Rah-
menbedingungen schwer, den unternehmerischen Wissensbe-
darf nach klaren und durchschaubaren Kriterien adäquat zu 
bedienen. Auch wenn die Ökobilanzen immer besser und rea-
listischer werden, sie können nur konkrete Verpackungen un-
ter aktuellen Kontextbedingungen vergleichen, aber keine all-
gemeingültigen Anleitungen zur Verpackungsauswahl liefern.

Wissenschaftliche Nachhaltigkeitsbewertungen sind für 
Praxisakteure nicht nur schwer verständlich, sondern auch 
teilweise inkompatibel mit der unternehmerischen Entschei-
dungspraktik. Die Sortimentsgespräche bei Kornkraft sind von 
einer Kultur des Diskurses und der gemeinsamen Abwägung 
von Vor- und Nachteilen getragen. Die Art des Wissens und 
der Kompetenzen ist multidimensional und unterscheidet sich 
stark von naturwissenschaftlicher Exaktheit. Erfahrungswissen, 
subjektive Gefühle und Geschmacksproben lassen sich nicht 
einfach in harte Kriterien übersetzen beziehungsweise diesen 
gegenüberstellen. Auch die Bewertung von Nachhaltigkeit und 
Verpackung wird in diesen Gesprächen anhand unterschiedli-
cher Gesichtspunkte betrachtet und dreht sich neben der wis-
senschaftlichen Ökobilanz auch um die Rezeption und Wahr-
nehmung durch Kund/innen. Eine systematische Integration 
und Gewichtung rein rationaler wissenschaftlicher Kriterien in 

diese Besprechungssituationen fällt daher schwer und würde 
die Entscheidungsdiskurse womöglich irritieren, selbst wenn 
es gelingen sollte, klare Bewertungskriterien zu entwickeln. 
Diese müssten sich eben nicht in mathematischen Modellen, 
sondern in der diskursiven Aushandlungspraxis der Bespre-
chungen bewähren und von den Akteuren kompetent ange-
wandt werden.

Eine weitere Schwierigkeit der ökologisch motivierten Ent-
scheidungsfindung liegt in der Einbettung konkreter Entschei-
dungspraktiken in ökonomische Logik und Systeme. Verpa-
ckung und Nachhaltigkeit sind in der unternehmerischen Sorti-
mentsentscheidung nur zwei Kriterien unter vielen. Sie stehen 
in Konkurrenz zu anderen Prioritäten und sind dabei unter an-
derem der Gewinnlogik unterstellt: Unternehmen sind in ein 
Wirtschaftssystem eingebunden und agieren darin nicht unab-
hängig von anderen Akteuren, gerade auch in Bezug auf Nach-
haltigkeitsvorgaben. Der praktische Einfluss dieser Verknüp-
fungen zeigt sich etwa im Ideal der Wahlfreiheit der Konsumie-
renden („sonst kommt er nicht nochmal“), als auch im Vergleich 
mit anderen Unternehmen („aber wenn, dann müsste Kriteri-
enkatalog für nachhaltige Verpackung vom Verband kommen und 
schon bundesweit sein, sonst bringt es nichts“). Nachhaltige Alter-
nativen müssen also nicht nur in ihren ökologischen, sondern 
auch in ihren sozialen und ökonomischen Folgen und Chan-
cen durchschaubar sein, um sich zu bewähren. Dieser Bezug 
zu ökonomischen und sozialen Nachhaltigkeitskriterien zeigt 
die Herausforderung einer transparenteren Nachhaltigkeitsbe-
wertung von Verpackung.

Transparenz und Wissensaustausch 
 einfordern und praktizieren

Die Unterschiedlichkeit der Perspektiven und Beispiele 
zeigt, dass die Undurchschaubarkeit von Verpackung meh-
rere Gründe auf verschiedenen Ebenen hat: Mal fehlt es an 
Wissen, mal wird vorhandenes Wissen verschwiegen (Intrans-
parenz), mal ist verfügbares Wissen nicht anwendbar oder an-
schlussfähig (Inkompatibilität). Trotz der Vielschichtigkeit der 
beschriebenen Probleme, lassen sich daraus zentrale Prinzi-
pien ableiten, die kollaborative und nachhaltige Verpackungs-
gestaltung begünstigen und diese zu etwas Durchschaubarem 
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und damit auch (öffentlich) Verhandelbarem machen. Die fol-
genden Handlungsempfehlungen richten sich gleichermaßen, 
aber mit unterschiedlichen Schwerpunkten an politische Ent-
scheidungsträger/innen, wirtschaftliche Akteure und Nachhal-
tigkeitsforschende:

Positivlisten in der Materialzulassung: Konsequent für si-
chere Materialien und eine funktionierende Kreislaufwirt-
schaft wäre der Einsatz definierter zugelassener Materialien 
und Substanzen. So könnten Positivlisten (white lists) Stoffe 
auflisten, die verwendet werden dürfen. Sie könnten bisher 
gängige Negativlisten (black lists) mit verbotenen oder be-
grenzt zu verwendenden Substanzen ersetzen.
Transparenz bezüglich Inhaltsstoffe: Inhaltsstoffe und Ma-
terialinformationen sollten möglichst weitgehend zugäng-
lich gemacht werden. Wo das Ideal einer grundsätzlichen 
Offenlegung von chemischen Zusammensetzungen auf-
grund von Wettbewerbsnachteilen nur eingeschränkt mög-
lich ist, sollten die Inhaltsstoffe und ihre Unbedenklichkeit 
von unabhängigen Institutionen bewertet werden, wie es 
etwa bei der Cradle-to-cradle-Zertifizierung praktiziert wird 
(EPEA 2019). Diese Transparenz muss auch für den Ein-
satz von Zusatzstoffen wie Druckfarben und Kleber gelten.
Erweiterte Materialtests: Um auch unbekannte Substanzen, 
die etwa im Herstellungsprozess entstehen, zu berücksich-
tigen und die Unbedenklichkeit möglicher Mischeffekte zu 
garantieren, könnten toxikologische Tests eingesetzt wer-
den. Hier wird die Chemikalienmischung in jedem Kunst-
stoffprodukt schon während der Herstellung untersucht 
(Groh 2017; Zimmermann et al. 2019). Auch die Recycling-
fähigkeit von Verpackungen sollte vor der Anwendung ver-
pflichtend getestet werden. Bereits heute könnten verant-
wortungsvolle Händler entsprechende positiv bewertete 
Materialgesundheits- und Recyclingtests von ihren Indus-
triepartnern einfordern und zum Einkaufskriterium neben 
ökonomischen Faktoren machen.
Kultur der Kollaboration: Allgemeiner, aber nicht weniger 
wichtig ist die Etablierung einer Kultur der Kollaboration. 
Wo heute zwischen Unternehmen, Wissenschaft und Öf-
fentlichkeit fehlende Kommunikation (zuweilen aufgrund 
von Geschäftsgeheimnissen, Konkurrenz, Misstrauen oder 
fehlender Priorität) herrscht, braucht es Wissensaustausch 
und Zusammenarbeit. Das betrifft insbesondere die Zusam-
menarbeit innerhalb der Produktionskette zwischen Kunst-
stoffherstellern, Verpackungsherstellern, Produkterzeugern 
und Handel.
Problemorientierter Wissenstransfer: Wissenschaftliche 
Forschung zur Nachhaltigkeitsbewertung von Verpackun-
gen muss den Dialog mit Unternehmen, Politik und Öffent-
lichkeit verstärken und dabei helfen, existierende Erkennt-
nisse in anwendbares Orientierungswissen zu übersetzen. 
Es braucht einen problemorientierten Wissenstransfer, der 
es ermöglicht, verfügbares Nachhaltigkeitswissen breit ver-
stehbar und nutzbar zu machen und bestehende Wissens-
lücken besser zu identifizieren.
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A9.3 Media attention – A selection of the different media

Television 

Giftstoffe im Plastik

Gefahren die in Kunststoff stecken

Untersuchungen zu Plastikverpackungen

Radio 

Einwegverpackungen könnten giftiger sein als 

gedacht

Bioplastik – Toxikologisch kein Unterschied zu konventionellen 

Kunststoffen

Plastics in everyday life How dangerous is the chemical 

cocktail in plastics?

Podcasts 

102. Toxins In Bioplastic

102. Toxins In Our Plastic 

Products

Plastisphere Ep.7: Confused about bioplastics?

Print and online articles  

Researchers use advanced techniques to characterise 

chemicals found in everyday plastics

Plastics cause  toxicity via unknown mixtures, study finds

Researchers find over 1100 unknown ingredients.


